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ABSTRACT 
Mathematical models of human thennoregulation can be used to assess the 
habitability of thermal environments prior to human exposure. Work continues to 
improve the performance of these models to reduce concerns surrounding the accuracy 
of their predictions. The aims of this thesis were to develop an existing 
thermoregulatory model (LUT25-node model). 
The developments made to the LUT25-node model, now enable it to predict the 
thermal responses of heat acclimated subjects of differing size, while its clothing 
model was improved to consider the addition and distribution of clothing properties. 
Validations of these modifications, confirmed that predictions from the model were 
improved. 
The thesis also looks at practical applications of the LUT25-node model. This 
included a modification to the model enabling backward modelling; predicting how 
the thermal stress should be altered to achieve a desired limit of thermal strain. 
Several hypothetical scenarios illustrated the practical applications of this 
modification. In addition, the LUT25-node model was used to explain the initial drop 
in deep body temperature at the onset of exercise. This investigation concluded that 
the temperature drop is due to the return of cool blood to the body core from initially 
cool working muscles. 
Finally, the poor predictions of the LUT25-node model for cold exposures was 
investigated. Previous investigators suspected that this was due to the limited number 
of thermal layers in the body segments of the model. However, predictions from a 
multi-layered LUT25-node model, developed with the finite volume software package 
PHOENICS, suggest that increasing the number of thermal layers reduces the 
accuracy of the model's predictions for cold exposures. 
In conclusion, this thesis has contributed to the continued development of a human 
thermoregulatory model and illustrated its practical benefits. It is recommended that 
future work centres on addressing additional limitations of the LUT25-node model 
identified in this study. 
STATEMENT 
The work for this thesis was conducted for the Centre for Human Sciences, DERA, 
Farnborough. Much of the work presented has been previously published as DERA 
reports, and is included here with their kind pennission. 
All work presented in the thesis was conceived and coordinated by the author. Conrad 
Mishan and Stuart Lyle, industrial placement students to CHS, provided some help in 
implementing and validating some of the changes made to the LUT25-node model, of 
which the author is most grateful. However, all work conducted by the students was 
done so under the author's careful supervision. 
ii 
ACKNOWLEDGEMENTS 
I would first like to thank the Centre for Human Sciences (CHS), DERA and the 
Department of human sciences, Loughborough University for supporting this research 
over the past four years. 
Special thanks go to Dr W R Withey of CHS, and Professor K C Parsons of 
Loughborough University, for their guidance and encouragement. in the progress of 
the work and completion of this thesis. 
Finally, I would like to thank Dr Paul Wadsworth, for helping me overcome the many 
computer difficulties I faced while completing the research and this thesis. 
iii 
CONTENTS 
Abstract 
Statement 
Acknowledgements 
Contents 
List of figures 
List oftables 
List ofsymbols and abbreviations 
Chapter 1 
1 Introduction 
1.1 Human thermoregulation 
1.2 Thermal stress and strain 
1.3 Thermal exposure and assessment 
lA Applications of mathematical models 
1.5 The Centre for Human Sciences (CHS) 
1.6 Aim ofthe study 
Chapter 2 
2 Human thermoregulation 
2.1 
2.2 
Heat exchange within the human body 
2.l.l Convective heat flow within the body 
2.1.2 Conductive heat flow within the body 
Heat exchange between the human body and the environment 
2.2.1 Conductive heat exchange with the environment 
2.2.2 Convective heat exchange with the environment 
2.2.3 Radiative heat exchange with the environment 
Page 
11 
III 
IV 
XII 
XXI 
XXIII 
I 
2 
2 
3 
4 
5 
8 
10 
10 
11 
12 
13 
14 
14 
15 
2.2.4 Evaporative heat exchange with the environment 16 
2.3 
2.4 
2.2.5 Clothing 17 
Thermoregulatory control 
Concluding remarks 
iv 
19 
22 
Chapter 3 
3 Human thermal models 
3.1 Verbal and pictorial models 
3.2 Physical models 
3.3 Mathematical models 
3.4 Rational mathematical models 
3.5 Rational mathematical model comparisons 
3.6 Concluding remarks 
Chapter 4 
4 The LUT25-node model of human thermoregulation 
4.1 The LUT25-node model 
4.1.1 The passive system of the LUT25-node model 
4.1.2 The active system of the LUT25-node model 
4.1.3 The LUT25-node clothing model 
4.2 Limitations of the LUT25-node model 
4.2.1 Anthropometry 
4.2.2 Heat acclimation 
4.2.3 Gender 
4.2.4 Dehydration 
4.2.5 Clothing 
4.2.6 Exercise 
4.2.7 Posture 
4.3 Modifications to the LUT25-node model 
4.4 Concluding remarks 
Chapter 5 
5 Modifications to the LUT25-node model 
5.1 Anthropometric modifications to the LUT25-node model 
5.1.1 Anthropometric LUT25-node model 
5.1.1.1 Surface area 
5.1.1.2 Heat capacity 
v 
23 
23 
24 
26 
27 
39 
40 
41 
41 
41 
43 
43 
45 
47 
48 
50 
51 
52 
55 
56 
57 
58 
59 
59 
62 
63 
64 
5.1.1.3 Thennal conductance 65 
5.1.1.4 Basal metabolic heat production 66 
5.1.1.5 Basal blood flow 66 
5.1.1.6 Basal evaporation 67 
5.1.1.7 Convective heat transfer coefficients 67 
5.1.1.8 Sweating response 68 
5.1.1.9 Vasodilatory response 68 
5.1.1.10 Shivering response 68 
5.1.1.11 Vasoconstricitive response 69 
5.1.1.12 Resting compartment temperatures 69 
5.2 Heat acclimation of the LUT25-node model 71 
5.2.1 The physiological effects of heat acclimation 72 
5.2.1.1 Drop in resting core temperature 72 
5.2.1.2 Increased sweating response 73 
5.2.1.3 Increased sweating sensitivity 73 
5.2.1.4 Increased vasodilatory response 74 
5.2.1.5 Drop in metabolic heat production 74 
5.2.2 The affects of heat acclimation on the human thennal 75 
response 
5.2.2.1 Reduced core temperature response 75 
5.2.2.2 Reduced mean skin temperature response 76 
5.2.2.3 Reduced heart rate response 76 
5.2.2.4 Increased durability to withstand heat strain 76 
5.2.2.5 Decay of heat acclimation 76 
5.2.3 Heat acC\imating the LUT25-node model 77 
5.2.3.1 Resting core temperature 77 
5.2.3.2 Sweating response 80 
5.2.3.3 Sweating sensitivity 82 
5.2.3.4 Vasodilatory response 84 
5.2.3.5 Vasodilatory sensitivity 84 
5.2.3.6 Metabolic heat production 85 
5.3 The distributed clothing model for the LUT25-node model 86 
vi 
5.3.1 The distribution of clothing insulation and vapour 89 
resistance 
5.4 Concluding remarks 94 
Chapter 6 
6 Validation of the modified LUT25-node model 95 
95 
95 
96 
98 
6.1 Validation of the anthropometric LUT25-node model 
6.1.1 Qualitative validation 
6.1.2 Methodology 
6.1. 3 Results 
6.1.3.1 Results: Identical AofM and percentage body fat 98 
(group I) 
6.1.3.2 Results: Identical AofM and differing percentage 98 
body fat (group 2) 
6.1.3.3 Results: Differing AofM and identical percentage 99 
body fat (group 3) 
6.1.4 Discussion 
6.1.5 Quantitative validation 
6.1.6 Statistical method 
99 
107 
107 
6.1.7 Methodology: CHS internal trial I (Millard et ai, 1994a,b) 108 
6.1.8 Results: CHS internal trial I 109 
6.1.9 Methodology: CHS internal trial 2 (O'Conner, 1996) III 
6.1.1 0 Results: CHS internal trial 2 120 
6.1.11 Discussion 121 
6.2 Validation of the heat acclimated LUT25-node model 127 
127 
127 
128 
128 
131 
131 
131 
6.2.1 Qualitative validation 
6.2.2 Methodology 
6.2.3 Results 
6.2.4 Discussion 
6.2.5 Quantitative validation 
6.2.6 Methodology: Mitchell et ai, 1976 
6.2.7 Results 
vii 
6.3 
6.4 
Chapter 7 
6.2.8 Methodology: AveIIini et ai, 1980b 
6.2.9 Results 
6.2.10 Methodology: CHS internal trial (MiIIard et ai, 1994a,b) 
6.2.11 Results 
6.2.12 Discussion 
Validation of the LUT25-node distributed clothing model 
6.3.1 Methodology: Summing the thennal properties of clothing 
gannents 
6.3.2 Presentation of the results 
6.3.3 Results 
6.3.4 Discussion 
6.3.5 Clothing model impact on the predicted thermoregulatory 
response 
6.3.6 Methodology: Nielsen and Nielsen (1984) 
6.3.7 Results 
6.3.8 Discussion 
Conclusion 
132 
132 
133 
133 
134 
140 
140 
142 
143 
143 
147 
147 
148 
149 
157 
7 Discussion on the modifications to the LUT25-node model 159 
159 
161 
163 
7.1 
7.2 
7.3 
7.4 
7.5 
Discussion on the anthropometric LUT25-node model 
7.1.1 Limitations of the anthropometric modification 
Discussion on the heat acclimated LUT25-node model 
7.2.1 Limitations of the heat acclimated LUT25-node model 164 
Discussion on the distributed clothing model 
7.3.1 Limitations of the distributed clothing model 
Comparable human thennoregulatory models 
Further discussion 
7.5.1 Experimental limitations 
7.5.2 Limitations in the RMSD 
7.5.3 Material limitations 
7.5.4 Inherent limitations of the LUT25-node model 
viii 
165 
168 
170 
171 
171 
172 
172 
173 
7.6 Conclusion 174 
Chapter 8 
8 Applications of the LUT25-node model 175 
8.1 Backward modelling with the LUT25-node model 175 
8.1.1 Methodology 176 
8.1.2 Validation 178 
8.1.3 Application of the backward LUT25-node model 179 
8.1.3.1 Backward modelling of work rest schedules 179 
8.1.3.2 Results 179 
8.1.3.3 Backward modelling of metabolic rate for heat 180 
acclimation 
8.1.3.4 Results 180 
8.1.3.5 Backward modelling work exposures for 181 
different clothing ensembles 
8.1.3.6 Results 181 
8.1.4 Discussion 183 
8.2 The initial drop observed in deep body temperature with exercise 185 
.' 
8.2.1 Methodology: Literature review on the ITD 187 
8.2.2 Results: Literature review on the ITD 187 
8.2.2.1 Anatomical temperature 187 
8.2.2.2 Characteristics of the ITD 189 
8.2.2.3 Environment 189 
8.2.2.4 Exercise 189 
8.2.3 Model analysis 191 
8.2.3.1 Methodology: Determine why the LUT25-node 191 
Model predicts ITDs 
8.2.3.2 Methodology: Characteristics of the ITD 191 
8.2.4 Results: Determine why the LUT25-node model predicts 192 
ITDs 
8.2.5 Results: Characteristics ofthe ITD 198 
8.2.6 Discussion 198 
8.2.6.1 Mechanism for the ITD 198 
ix 
8.2.6.2 Anatomical temperature 201 
8.2.6.3 Characteristics of the ITD 203 
8.2.6.4 Limitations of the experimental protocols 208 
8.2.6.5 Limitations of the LUT25-node model 210 
8.2.6.6 Similarities between the ITD and the afterdrop 210 
8.3 Conclusion 212 
Chapter 9 
9 Cold exposure predictions from the LUT2S-node model 213 
214 
214 
9.1 
9.2 
Methodology 
9.1.1 The multi-layered LUT25-node model 
9.1.2 
9.1.1.1 PHOENICS 215 
9.1.1.2 The PHOENICS thermoregulatory model 217 
9.1.1.3 Validation of the PHOENICS thermoregulatory 221 
model 
9.1.1.4 Optimisation of node numbers in the 
PHOENICS model 
The 'cold' LUT25-node model 
9.1.2.1 Mean skin temperature 
9.1.2.2 Counter-current heat exchange 
9.1.2.3 Vasoconstriction 
225 
228 
228 
230 
231 
Comparison of the PHOENICS and 'cold' LUT25-node model 232 
9.2.1 Results 234 
9.2.1.1 Rectal temperature responses 234 
9.2.1.2 Mean skin temperature responses 236 
9.2.1.3 Metabolic heat production 238 
9.2.2 Discussion 240 
9.2.2.1 Rectal temperature results 241 
9.2.2.2 Mean skin temperature results 241 
9.2.2.3 Metabolic heat production results 243 
9.2.2.4 Comparison with previous investigations 244 
9.2.2.5 The PHOENICS thermoregulatory model 245 
x 
9.2.2.6 Practical limitations of the PHOENlCS 247 
thermoregulatory model 
9.2.2.7 Additional improvements for the LUT25-node 248 
model 
9.3 Conclusion 248 
Chapter 10 
10 Summary and conclusions 250 
10.\ Conclusions from the development of the LUT25-node model 250 
10.1.1 Conclusions: Anthropometric LUT25-node model 250 
10.1.2 Conclusions: Heat acclimated LUT25-node model 252 
10.1.3 Conclusions: Distributed clothing model 253 
10.2 Conclusions from the applications ofthe LUT25-node model 255 
10.2.1 Conclusions: Backward modelling with the LUT25-node 256 
model 
10.2.2 Conclusions: The drop in internal body temperature with 256 
exercise 
10.3 Conclusions on the cold response of the LUT25-node model 259 
lOA Summary 259 
Chapter 11 
11 Future work 260 
11.1 Anthropometric LUT25-node model 260 
11.2 Heat acclimated LUT25-node model 261 
11.3 Distributed clothing model 262 
1104 Backward modelling with the LUT25-node model 263 
11.5 The drop in internal body temperature with exercise (ITO) 263 
11.6 The LUT25-node model's predictions during cold exposures 263 
References 265 
Appendices (volume 11) 
xi 
LIST OF FIGURES 
Page 
Figure 2.1 Heat transfer through clothing. From Haslam and Parsons 18 
(1988). 
Figure 2.2 Block diagram of a feedback control system. From Stolwijk and 20 
Hardy (1966a). 
Figure 3.1 Pictorial model of the human thennoregulatory system. From 23 
Bligh (1985). 
Figure 3.2 Electrical analogue of human thennoregulation. From 25 
MacDonald and Wyndham (1950). 
Figure 3.3 A schematic diagram of Atkins' s single cylinder model of 35 
human thennoregulation. From Atkins and Mitchell (1971). 
Figure 3.4 Wissler's six segment model of human thennoregulation. From 36 
Wissler (1961a). 
Figure 3.5 Stolwijk and Hardy's three segment model of human 37 
thennoregulation. From Stolwijk and Hardy (1966a). 
Figure 3.6 The two dimensional model of Kuznetz (1979) showing A: the 38 
model's geometrical structure and B: a typical cross section 
of the model's anatomical segments. 
Figure 4.1 The passive system of the LUT25-node model. 42 
Figure 4.2 The LUT25-node model's two-parameter clothing model. 44 
Figure 5.1 The effect of heat acclimation on resting rectal temperature 81 
(Givoni and Goldman, 1973b, f(x)=0.5_0.5e-O·3X). 
Figure 5.2 Change in the LUT25-node model's basal skin blood flow 81 
with heat acclimation (f(x)=13.08-1.lge .o.3x). 
Figure 5.3 Change in the LUT25-node model's basal metabolic heat 88 
production with heat acclimation (f(x)=83.03+ 3.46e-O.3X). 
Figure 5.4 The defined (a) and local (b) thennal insulation and vapour 88 
resistance of clothing measured on a thennal manikin. 
Figure 5.5 Distributed clothing model for the LUT25-node model 93 
Figure 6.1 Trunk core temperature rise in simulations with identical 101 
xii 
AdM and percentage body fat with relative humidity held at 30 %. 
Figure 6.2 Mean skin temperature rise in simulations with identical AdM 101 
and percentage body fat with relative humidity held at 30 %. 
Figure 6.3 Trunk core temperature rise in simulations with identical AdM 102 
and percentage body fat with relative humidity held at 80 %. 
Figure 6.4 Mean skin temperature rise in simulations with identical AdM 102 
and percentage body fat with relative humidity held at 80 %. 
Figure 6.5 Trunk core temperature rise in simulations with identical AdM 103 
and differing percentage body fat with relative humidity held at 
30%. 
Figure 6.6 Mean skin temperature rise in simulations with identical AdM 103 
and differing percentage body fat with relative humidity held at 
30%. 
Figure 6.7 Trunk core temperature rise in simulations with identical AdM 104 
and differing percentage body fat with relative humidity held at 
80%. 
Figure 6.8 Mean skin temperature rise in simulations with identical AdM 104 
and differing percentage body fat with relative humidity held at 
80%. 
Figure 6.9 Trunk core temperature rise in simulations with differing AdM 105 
and identical percentage body fat with relative humidity held at 
30%. 
Figure 6.10 Mean skin temperature rise in simulations witj:I differing AofM 105 
and identical percentage body fat with relative humidity held at 
30%. 
Figure 6.11 Trunk core temperature rise in simulations with differing AdM 106 
and identical percentage body fat with relative humidity held at 
80%. 
Figure 6.12 Mean skin temperature rise in simulations with differing AofM 106 
and identical percentage body fat with relative humidity held at 
80%. 
XllI 
Figure 6.13 British Army Combats (unacclimated): RMSD of anthropometric 112 
and 'standard' LUT25-node models' trunk core temperature 
responses from measured rectal temperature responses. 
Figure 6.14 British Army Combats (unacclimated): RMSD of anthropometric 112 
and 'standard' LUT25-node models' mean skin temperature 
responses from measured mean skin temperature responses. 
Figure 6.15 British Army Combats (accIimated): RMSD of anthropometric 113 
and 'standard',LUT25-node models' trunk core temperature 
responses from measured rectal temperature responses. 
Figure 6.16 British Army Combats (acclimated): RMSD of anthropometric 113 
and 'standard' LUT25-node models' mean skin temperature 
responses from measured mean skin temperature responses. 
Figure 6.17 British Army NBC (unacclimated): RMSD of anthropometric 114 
and 'standard' LUT25-node models' trunk core temperature 
responses from measured rectal temperature responses. 
Figure 6.18 British Army NBC (acclimated): RMSD of anthropometric 114 
and 'standard' LUT25-node models' trunk core temperature 
responses from measured rectal temperature responses. 
Figure 6.19 British Army NBC (unacclimated): RMSD of anthropometric 115 
and 'standard' LUT25-node models' mean skin temperature 
responses from measured mean skin temperature responses. 
Figure 6.20 British Army NBC (acclimated): RMSD of anthropometric 115 
and 'standard' LUT25-node models' mean skin temperature 
responses from measured mean skin temperature responses. 
Figure 6.21 Royal Navy NBC (unacclimated): RMSD of anthropometric 116 
and 'standard' LUT25-node models' trunk core temperature 
responses from measured rectal temperature responses. 
Figure 6.22 Royal Navy NBC (acclimated): RMSD of anthropometric and 116 
'standard' LUT25-node models' trunk core temperature responses 
from measured rectal temperature responses. 
Figure 6.23 Royal Navy NBC (unacclimated): RMSD of anthropometric 117 
and 'standard' LUT25-node models' mean skin temperature 
xiv 
responses from measured mean skin temperature responses. 
Figure 6.24 Royal Navy NBC (acclimated): RMSD of anthropometric and 117 
'standard' LUT25-node models' mean skin temperature responses 
from measured mean skin temperature responses. 
Figure 6.25 Mean standard deviation in measured rectal and predicted trunk lIS 
core temperature responses (pre = unaccIimated, Post = 
accIimated). 
Figure 6.26 Standard deviation in the measured rectal and predicted trunk core lIS 
temperature responses with unacclimated subjects wearing British 
Army Combats. 
Figure 6.27 Mean standard deviation in measured and predicted mean skin 1I9 
temperature responses (pre = unacclimated, Post = acclimated). 
Figure 6.2S Standard deviation in measured and predicted mean skin 119 
temperature responses with unacclimated subjects wearing British 
Army Combats. 
Figure 6.29 RMSD of anthropometric and 'standard' LUT25-node models' 122 
trunk core temperatures from measured rectal temperature 
responses. 
Figure 6.30 RMSD of anthropometric and 'standard' LUT25-node models' 122 
mean skin temperatures from measured mean skin temperature 
responses. 
Figure 6.31 Measured rectal and predicted trunk core temperature responses 124 
for subject I, when heat acclimated and wearing British Army 
Combats. 
Figure 6.32 Measured and predicted mean skin temperature responses for 124 
subject 1, when heat accIimated and wearing British Army 
Combats. 
Figure 6.33 Measured rectal and predicted trunk core temperature responses 125 
for subject 13, when heat accIimated and wearing British Army 
Combats. 
Figure 6.34 Measured and predicted mean skin temperature responses for 125 
subject 13, when heat accIimated and wearing British Army 
xv 
Combats. 
Figure 6.35 Measured rectal and predicted trunk core temperature responses 126 
for subject 10, when heat acclimated and wearing British Anny 
NBC. 
Figure 6.36 Measured and predicted mean skin temperature responses for 126 
subject 10, when heat acclimated and wearing British Army NBC. 
Figure 6.37 Change in the resting trunk core and mean skin temperature of the 129 
LUT25-node model with heat acclimation. 
Figure 6.38 Predicted trunk core temperature rise with heat acclimation in the 129 
LUT25-node model. 
Figure 6.39 Predicted mean skin temperature rise with heat acclimation in the 130 
LUT25-node model. 
Figure 6.40 Difference between the final and initial skin blood flow of the 130 
LUT25-node model with heat acclimation. 
Figure 6.41 Difference between the final and initial sweat loss from the 135 
LUT25-node model with heat acclimation. 
Figure 6.42 Predicted trunk core and measured rectal (Mitchell et aI, 1976) 135 
temperature responses. 
Figure 6.43 Predicted and measured (Mitchell et aI, 1976) mean skin 136 
temperature responses. 
Figure 6.44 Predicted trunk core and measured rectal (AvelIini et aI, 1980b) 136 
temperature responses. 
Figure 6.45 Predicted and measured (Avellini et aI, 1980b) mean skin 137 
temperature responses. 
Figure 6.46 Predicted trunk core and measured (MiIIard et aI, 1994a,b) rectal 137 
temperature responses for heat acclimated subjects wearing British 
Army Combat clothing. 
Figure 6.47 Predicted and measured (Millard et aI, 1994a,b) mean skin 138 
temperature responses for hea(acclimated subjects wearing British 
Army Combat clothing. 
Figure 6.48 Predicted trunk core and measured (Millard et aI, I 994a,b ) rectal 138 
temperature responses for heat acclimated subjects wearing the 
xvi 
British Anny NBC ensemble. 
Figure 6.49 Predicted and measured (Millard et ai, 1994a,b) mean skin 139 
temperature responses for heat acclimated subjects wearing the 
British Anny NBC ensemble. 
Figure 6.50 Predicted trunk core and measured (Millard et ai, 1994a,b) rectal 139 
temperature responses for heat acclimated subjects wearing the 
Royal Navy NBC ensemble. 
Figure 6.51 Predicted and measured (Millard et ai, 1994a,b) mean skin 144 
temperature responses for heat acclimated subjects wearing the 
Royal Navy NBC ensemble. 
Figure 6.52 Predicted versus measured (ISO 9920, 1995) intrinsic clothing 144 
insulation values. 
Figure 6.53 Agreement between measured (ISO 9920, 1995) and predicted 145 
intrinsic clothing insulation values. 
Figure 6.54 Predicted versus measured (ISO 9920, 1995) values of clothing 145 
area factor. 
Figure 6.55 Agreement between measured (ISO 9920,1995) and predicted 151 
values of clothing area factor. 
Figure 6.56 Predicted trunk core and measured (Nielsen and Nielsen, 1984) 151 
rectal temperature responses when wearing a clothing ensemble 
with insulation concentrated over the limbs. 
Figure 6.57 Predicted and measured (Nielsen and Nielsen, 1984) mean skin 152 
temperature responses when wearing a clothing ensemble with 
insulation concentrated over the limbs. 
Figure 6.58 Predicted and measured (Nielsen and Nielsen, 1984) mean 152 
trunk skin temperature responses when wearing a clothing 
ensemble with insulation concentrated over the limbs. 
Figure 6.59 Predicted and measured (Nielsen and Nielsen, 1984) mean limb 153 
skin temperature responses when wearing a clothing ensemble 
with insulation concentrated over the limbs. 
Figure 6.60 Predicted and measured (Nielsen and Nielsen, 1984) head skin 153 
temperature responses when wearing a clothing ensemble with 
xvii 
insulation concentrated over the limbs. 
Figure 6.61 Predicted trunk core and measured (Nielsen and Nielsen, 1984) 154 
rectal temperature responses when wearing a clothing ensemble 
with insulation concentrated over the trunk. 
Figure 6.62 Predicted and measured (Nielsen and Nielsen, 1984) head skin 154 
temperature responses when wearing a clothing ensemble with 
insulation concentrated over the trunk. 
Figure 6.63 Predicted and measured (Nielsen and Nielsen, 1984) trunk skin 155 
temperature responses when wearing a clothing ensemble with 
insulation concentrated over the trunk. 
Figure 6.64 Predicted and measured (Nielsen and Nielsen, 1984) mean 155 
limb skin temperature responses when wearing a clothing 
ensemble with insulation concentrated over the trunk. 
Figure 6.65 Predicted and measured (Nielsen and Nielsen, 1984) mean skin 156 
temperature responses when wearing a clothing ensemble with 
insulation concentrated over the trunk. 
Figure 6.66 Change in the convective heat flow to the head skin of the 156 
LUT25-node model, when wearing the 'standard' and distributed 
clothing models for an ensemble with insulation concentrated 
over the limbs. 
Figure 8.1 Backward modelled rest schedule predicted by the LUT25-node 182 
model, preventing trunk core temperature rising above 38 QC. 
Figure 8.2 Backward modelled exercise rate at which subjects should 182 
work to raise core temperature to 38.8 QC in 30 minutes. 
Figure 8.3 Predicted trunk core temperature; ta = t,. = 45 QC, rh = 0.8, 184 
va = 1 m.s- I , le, = 0.1 clo, fcl = 1.03, im = 0.5 and metabolic rate = 
basal rate (45 W.m·\ 
Figure 8.4 Backward modelled exposure times to prevent trunk core 184 
temperature rising above 38.5 QC when working at 150 W.m-2, 
va = 0.1 m.s-', rh = 0.1. 
Figure 8.5 Characteristics of the initial temperature drop predicted by the 190 
LUT25-node model. t. = t,. = 30 QC, Va = 0.1 m.s-', rh = 0.2, 
xviii 
1.:, = 1.5 clo, £.:, = 1.47, im = 0.35, M = 100 W.m·z. 
Figure 8.6 Sublingual temperature responses taken from 190 
Chappuis et af (1976). 
Figure 8.7 Oesophageal temperature responses taken from Hirata et af (1983). 194 
Figure 8.8 Heat balance in the head core of the LUT25-node model. 194 
Figure 8.9 Central blood, head core and leg muscle compartment 195 
temperature responses of the LUT25-node model. 
Figure 8.10 Convective heat exchange between the central blood compartment 195 
and all the other tissue compartments ofthe LUT25-node model. 
Figure 8.11 Percentage of total exercise metabolic heat generated in each 197 
muscle compartment of the LUT25-node model. 
Figure 8.12 Variation in the head core temperature response of the 197 
LUT25-node model when blood flow to its muscle compartments 
is occluded. 
Figure 8.13 Changes in the lID predicted by the LUT25-node model with 204 
alterations in air temperature. 
Figure 8.14 Predicted resting central blood and leg muscle compartment 204 
temperatures of the LUT25-node model. 
Figure 8.15 Oesophageal temperature responses taken from 207 
Hong and Nadel (1979). 
Figure 8.16 Change in the magnitude of the initial temperature drop predicted 207 
by the LUT25-node model as metabolic heat production varies. 
Figure 9.1 Cross-section through the passive system of the PHOENICS model 218 
Figure 9.2 Uniform nodal structure of the PHOENlCS thermoregulatory 220 
model. 
Figure 9.3 Temperature profile through a body segment of the LUT25-node 230 
model. 
Figure 9.4 Measured rectal and predicted trunk core temperature responses 235 
for experiment B (table 9.7). 
Figure 9.5 Measured rectal and predicted trunk core temperature responses 235 
for experiment L ( table 9.7). 
Figure 9.6 Measured and predicted mean skin temperature responses for 237 
xix 
experiment I (table 9.7). 
Figure 9.7 Measured and predicted mean skin temperature responses for 
experiment L (table 9.7). 
Figure 9.8 Measured and predicted mean skin temperature responses for 
experiment M (table 9.7). 
Figure 9.9 Measured and predicted metabolic heat production for experiment 
I (table 9.7). 
Figure 9.10 Measured and predicted metabolic heat production for experiment 
E (table 9.7). 
Figure 9.11 Temperature profile through the trunk of the basic and 
multi-layered PHOENICS after exposure to experiment I 
(table 9.7). 
Figure 9.12 Comparison between the central and average trunk core 
temperature predictions from the multi-layered PHOENICS 
model for experiment A (table 9.7). 
Figure 9.13 Comparison between the central and average trunk core 
temperature predictions from the multi-layered PHOENICS 
model for experiment E (table 9.7). 
xx 
237 
239 
239 
242 
242 
246 
246 
LIST OF TABLES 
Page 
Table 1.1 Practical applications of mathematical thennoregulatory models. 6 
Table 3.1 Rational mathematical models of human thennoregulation. 28 
Table 5.1 Resting compartment temperatures for the 'standard' LUT25-node 70 
model. 
Table 5.2 Revised resting compartment temperatures for the 'standard' 71 
LUT25-node model. 
Table 5.3 Sensitivity of the LUT25-node model's resting trunk core 78 
temperature to changes in its Basal Metabolic Rate, basal skin blood 
flow and thennal conductance of its combined fat and skin layers. 
Table 5.4 Resting compartment temperatures for the fully-heat acclimated 79 
LUT25-node model. 
Table 6.1 Anthropometry of the simulated subjects used in the qualitative 97 
validation of the anthropometric LUT25-node model. 
Table 6.2 Thennal and vapour properties of the clothing ensembles worn in 108 
CHS internal trial I (Millard et aI, I 994a,b ). 
Table 6.3 Anthropometry of the experimental subjects involved in CHS 109 
internal trial 1 (Millard et aI, I 994a,b ). 
Table 6.4 Anthropometries of subjects involved in CHS internal trial 2 120 
(O'Conner 1996). 
Table 7.1 Thennoregulatory models considering subject anthropometry in 161 
their predictions. 
Table 7.2 Mathematical clothing models. 167 
Table 8.1 Extreme values for the parameters ofthennal stress backward 177 
modelled by the LUT25-node model. 
Table 8.2 Details on the ITD gathered from the published literature. 188 
Table 8.3 Model inputs testing the characteristics of the ITD predicted by 192 
the LUT25-node model. 
Table 8.4 Characteristics of the !TD predicted by the LUT25-node model. 199 
xxi 
Table 9.1 Thermal conductivities of the tissue layers in the head of the 219 
LUT25-node and PHOENICS thermoregulatory models. 
Table 9.2 Thermal properties for the combined muscle/fat layers ofthe 221 
PHOENICS model. 
Table 9.3 Environmental conditions for the experimental exposures 222 
conducted by Haslam (1983) and Watkins (\ 984). 
Table 9.4 Difference in the temperature predictions from the 224 
LUT25-node and PHOENICS thermoregulatory models. 
Table 9.5 Node structures for the PHOENICS thermoregulatory model. 227 
Table 9.6 Results from the node optimisation of the PHOENICS 228 
thermoregulatory model (for 'node structure' see table 9.5). 
Table 9.7 Environmental and working conditions used to compare the 233 
PHOENICS and 'cold' LUT25-node models. 
Table 9.8 RMSD of model trunk core temperature predictions from subject 236 
rectal temperature responses. 
Table 9.9 RMSD of model mean mass skin temperature predictions from 238 
subject mean skin temperature responses. 
Table 9.10 RMSD of predicted metabolic heat production from subject 240 
metabolic heat production responses. 
xxii 
LIST OF SYMBOLS AND ABBREVIATIONS 
Abbreviations 
BMR 
CHS 
ITD 
RMSD 
Symbols 
A 
A.:ov 
bf 
bfb 
C 
CCHIL 
CDIL 
CHILL 
COLDS 
CSW 
c 
DILAT 
d 
E 
eb 
F 
fclseg(i) 
flclseg(i,k) 
basal metabolic rate 
Centre for Human Sciences 
initial temperature drop 
Root Mean Square Deviation 
surface area (m2) 
body surface area covered by clothing (m2) 
blood flow (W.oC I ) 
basal blood flow (W.oC I ) 
heat capacity (W.h·l.oC I ) 
sensitivity of shivering response to head core temperature 
change (W.oC I ) 
vasodilation sensitivity to central temperature changes 
(l.h·l.oC I ) 
total efferent shivering response (W) 
integrated output from skin cold receptors (0C) 
sweating sensitivity to internal temperature changes (W.oC- I ) 
specific heat capacity (J.kg-l.oC I ) 
total efferent skin vasodilation response (l.h- I ) 
difference between observed and predicted temperature 
response (oC) 
total metabolic energy production (W) 
basal evaporative rate (W) 
percentage body fat of the model (ND) 
clothing area factor (ND) 
local clothing area factor (ND) 
clothing area factor for body segment i (ND) 
local clothing area factor for section Sseg(i.k) of body segment i 
xxiii 
H 
HCB 
h 
la 
le! 
Ieicov 
Ielseg(i,k) 
Ie!u 
Ieclcov 
Iee!seg(i) 
'e!seg(i,k) 
leclseg(i,k) 
KC 
KS 
k 
kc 
ks 
LR 
M 
m 
n 
(ND) 
body height (m) 
basal convective heat transfer coefficient (W.m·2.oC·I) 
heat transfer coefficient, convective (W.m·2.oel) or evaporative 
(W ·2 kP .1) .m. a 
dry insulation ofthe air boundary layer (m2.oC.WI) 
intrinsic clothing insulation (m2.oC.WI) 
local intrinsic clothing insulation (m2.oC.WI) 
intrinsic clothing insulation for body segment i (m2.oC.WI) 
effective clothing insulation (m2.kPa.WI) 
vapour resistance ofthe air boundary layer (rn2.kPa.WI) 
intrinsic clothing vapour resistance (m2.kPa. WI) 
local intrinsic vapour resistance (m2.kPa.WI) 
equivalent intrinsic vapour resistance for body segment 
2 I (m .kPa.W) 
total resistance to evaporative heat transfer (m2.kPa.WI) 
total insulation to dry heat transfer (m2.oC.WI) 
local intrinsic clothing insulation for Sseg(i,k) of body segment i 
(m2.oC.WI) 
local intrinsic vapour resistance for Sseg(i,k) of body segment i 
2 , (m ,kPa.W) 
Woodcock permeability index (ND) 
thermal conductance of a cylindrical shell (w.oe') 
thermal conductance of a spherical shell (w.oel) 
thermal conductivity (W.m·l.oel) 
thermal conductivity of a cylindrical tissue layer (W.m·l.oCI) 
thermal conductivity of a spherical tissue layer (W.m·l.oel) 
Lewis relationship (K.kPa·l) 
length measure (m) 
body mass (kg) 
mass (kg) 
number of observed temperatures (ND) 
xxiv 
P 
PCHIL 
p 
Q 
qb 
R 
r 
rh 
S 
SCHIL 
SDIL 
SKlNC 
SSW 
STRIC 
SWEAT 
Sseg(i,k) 
T 
t 
TSET 
u 
v 
W 
WARMS 
w 
x 
1] 
p 
total metabolic heat production (W) 
sensitivity of shivering response to skin temperature changes 
(W.oC-I ) 
partial vapour pressure (kPa) 
heatexchange(W) 
basal metabolic heat production (W) 
outer radius (m) 
radius (m) 
relative humidity (ND) 
body segment surface area (m2) 
sensitivity of shivering response to skin temperature changes 
(W.oC-I ) 
vasodilation sensitivity to peripheral temperature changes 
(I.h-I.0C-I) 
fraction of skin STRIC (ND) 
sweating sensitivity to peripheral temperature changes (W.oC I ) 
total vasoconstriction command for the model (ND) 
total efferent sweating response (W) 
surface area k of body segment i over which clothing layers are 
constant (m2) 
absolute temperature (K) 
temperature COC) 
set-point temperature (oC) 
air velocity (m.s· l ) 
volume (m\ velocity (m.s- I ) 
external work (W) 
integrated output from skin warm receptors (0C) 
skin wettedness (ND) 
number of heat acclimation days 
emissivity (ND) 
mechanical efficiency (ND) 
density (kg.m-3) 
xxv 
CHAPTER! 
Introduction 
1 Introduction 
Normally, the human body is able to maintain a comfortable temperature with the aid of 
its own physiological processes (human thermoregulation). However, situations do arise 
where the processes of human thermoregulation are unable to combat changes in body 
temperature. This can lead to thermal discomfort and a loss of operator performance in 
the working environment. There is also the potential for long or short-term health 
problems to develop or even death. Examples illustrating these effects include the 
thermal discomfort felt when leaving a house on a cold winter day, or the lethargy 
experienced during a hot and humid summer day. Each year the news reports on people 
who have died from hypothermia having fallen through ice on frozen ponds, or who 
have become lost or stranded in isolated locations while walking or climbing. 
Alternatively, in the heat, there is the risk of heat stroke while sunbathing or jogging. 
Presently there exist a number of methods for testing the habitability of thermal 
environments prior to human exposure. These can assess human thermal comfort for any 
combination of environmental conditions, or how long exposures to any environment 
should last before critical body temperatures are reached. They provide e,ssential 
information for designing safe working thermal environments and assessing safe rescue 
times for victims stranded in harsh environments. 
Mathematical models of human thermoregulation provide one such technique for 
assessing thermal environments. These are computer-based tools designed to predict the 
human thermal response (eg body core temperature, skin temperature) to any expected 
combination of exposure conditions. They offer many advantages over conventional 
methods for assessing the human thermal response (eg human experimental trials). 
However, the inaccuracy of model predictions when compared with measured responses 
often leads to a lack of confidence in developing and using mathematical models to 
assess thermal environments and the human thermal response. To address this problem, 
this thesis has developed an existing mathematical model, enhancing its accuracy to 
predict the human thermal response. Furthermore, the capabilities of the model are 
demonstrated by using it to solve practical thermal physiological problems. 
1.1 Human thermoregulation 
Human thermoregulation is a broad term encompassing three fundamental physiological 
processes. These generate, distribute and control heat loss throughout the body, 
maintaining it within safe thermal limits (around 37°C for internal body temperature). 
First, the body produces metabolic heat, which increases with exercise and shivering 
when cold. Second, blood flow transports heat from deep body compartments to the 
periphery, and this is regulated by the dilation (vasodilation) and constriction 
(vasoconstriction) of blood vessels. This helps to release or preserve heat, preventing the 
body from becoming too hot or too cold. Third, in response to rising body temperatures, 
sweat is secreted and evaporates from the skin surface increasing body heat loss to the 
environment. Co-ordinating these physiological processes is a central controlling 
mechanism. This monitors body temperature changes and initiates appropriate 
thermoregulatory responses to abate temperature fluctuations. 
Complementing the actions of physiological thermoregulation is human behaviour 
(behavioural thermoregulation). It encompasses the conscious human actions performed 
to reduce thermal.discomfort (eg the donning or doffing of clothing, shelter from the sun 
or a cold wind, alterations in posture to control the body surface area available for heat 
transfer with the environment or controlling the thermal environment in buildings with 
the aid of heating and air conditioning units). These processes have a more prominent 
role than physiological thermoregulation in maintaining body temperature within 
comfortable limits. 
1.2 Thermal stress and strain 
The main stresses influencing body temperature are, the thermal environment (air and 
radiant temperature, air speed and relative humidity), clothing and activity (exercise). 
Exposed nude to a thermally neutral environment, normal resting internal ( core) body 
temperature passively stabilises (without thermoregulatory intervention) at around 37 QC, 
while mean skin temperature is about 33.5 °C. If from these ideal thermally neutral 
conditions the imposed thermal stress is altered sufficiently, both behavioural and 
physiological thermoregulation may be unable to maintain core and mean skin 
temperatures. The resulting increase in the thermal strain of the body can then affect 
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human thermal comfort and performance (table I in Lotens 1988). Studies show that 
reductions in hand skin temperature impairs tactile sensitivity (numbing) and manual 
dexterity (Enander, 1984,87, Fox, 1967, Kobrick and Johnson, 1991), while there is 
evidence to demonstrate that either a moderate rise (Hancock, 1980a, Hartley et aI, 
1989, Kobrick and Johnson, 1991, WiIkinson et aI, 1963, Wing, 1965) or fall (Enander, 
1987, Hartley et aI, 1989, Kobrick and Johnson, 1991) in deep body temperature impairs 
cognitive function. 
Larger fluctuations in deep body temperature pose an increased thermal threat. A drop in 
internal body temperature below 35°C (hypothermia) produces progressive symptoms 
of mental confusion, difficulties in speech and vision, and sensory and motor functions 
are disrupted (Collins, 1983, Houdas and Ring, 1982). Consciousness is lost at 
temperatures below 32°C and death occurs at core temperatures below 27 QC. 
Furthermore, frostbite damages localised areas of peripheral tissue such as at the hands 
and feet, which are more susceptible to heat loss. Alternatively, elevations in internal 
body temperature above 40°C (Hyperthermia) result in fatigue, apathy and eventually 
hallucinations (Houdas and Ring, 1982). Death is imminent at core temperatures above 
42 to 43 QC. 
1.3 Thermal exposure and assessment 
In many military and civilian occupations, personnel are required to work in both hot 
and cold environments. Members of the armed forces must operate for long periods in 
harsh thermal environments, such as the cold, wet conditions faced by the servicemen 
involved in the Falklands crisis (McCaig and Gooderson, 1986) and the hot, dry 
environment encountered in the 1990-91 Gulf war. Furthermore, the environments of 
Military aircraft (Richardson, 1988a) and vehicles (parkes, 1987) enhance the thennal 
stress and discomfort of the external environment, while vapour impenneable clothing 
designed to protect the wearer from nuclear, chemical and biological threats restricts the 
evaporation of sweat (parkes, 1987). Astronauts perform physically-demanding tasks 
during Extravehicular Activity (space walks), in temperatures cycling between -118°C 
and +132 °c (Moore, 1987). Many civilians work in cold stores for the food processing 
industry (Williamson et aI, 1984, Nielsen, 1986) exposed to temperatures of _27°C. 
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Alternatively, miners are continuously exposed to hot, stressful conditions, while fire 
fighters, in addition to the hot stressful conditions must contend with the added thermal 
strain imposed by their clothing and the carrying of equipment (ie ladders, hoses and 
breathing apparatus) (Skoldstrom, 1987, Duncan et ai, 1979). There are also risks of heat 
and cold strain during leisure pursuits, such as over-exertion while jogging in the heat or 
exposure to cold environments during walking and climbing expeditions. 
Wherever people are exposed to thermally stressful environments, it is important to 
preserve body temperatures within comfortable limits, in order to maintain human 
performance and avoid the risks associated with heat and cold strain. The normal means 
of assessing the human thermal response to any imposed thermal stress is to conduct 
human experiments; performed either in the field or under laboratory conditions in 
environmental chambers. Although human experiments are accurate, providing the most 
direct indications of human thermal strain through measurements of body core 
temperature (rectal, oesophageal, oral, aural), skin temperature, sweat rate and heart rate, 
they are expensive, time consuming and can be hazardous. Furthermore, ethical 
constraints prevent the investigation of human thermal responses at physiological limits. 
A more versatile means of investigating the human thermal response has arisen through 
the development of computer-based mathematical models of human thermoregulation. 
Compared with human experiments these can predict human thermal responses at a 
much lower cost and reduced time frame than those measured in experimental trials. 
Additionally, they can be used to investigate the human response at physiological limits 
and provide comprehensive results under ideal conditions (ie precisely defined physical, 
physiological, environmental, clothing and working conditions). Even with these 
advantages, mathematical models cannot be considered complete replacements for 
experimental studies, as their predictions are not as reliable. However, a persistent 
interest in developing mathematical models ensures continued improvements in the 
accuracy of their predictions. 
1.4 Applications of mathematical models 
The majority of mathematical models of human thermoregulation attempt to simulate 
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the form and thermal physiological function of the human body in order to make 
predictions of the hUman thermal response. They have three fundamental applications. 
First, their ability to predict the human thermal response can be employed to assess safe 
working environments and optimal recovery times from thermally stressful conditions 
experienced in industry and the anned services. This capability of thermal models can 
also be used to complement and interpret the results of human experiments, or to 
optimise the environmental, clothing and exercise protocols of such studies, reducing the 
need for pilot studies. Second, mathematical models can predict the human thermal 
response at physiological limits, providing estimates of measures that cannot be attained 
experimentally. Consequently, they can be used to predict the life expectancy of walkers 
or climbers stranded in harsh conditions, or that of pilots who have had to ditch into cold 
seas due to equipment failure. Additionally, they can evaluate the impact of accidents, 
physiological abnormalities or medical treatments on the human thermal response. 
Third, they can be used to investigate thermal physiological phenomenon and processes, 
testing for instance, hypothetical mechanisms of human thermoregulation or the 
expected thermal properties of biological materials. Examples of typical uses for 
thermoregulatory models are listed in table 1.1, with each application categorised by the 
fundamental use for the model. 
Although mathematical models have a diverse range of applications and benefits over 
experimental studies, very little of the published literature appears to detail applications 
ofthermal models to investigate practical problems. Lotens (1988) attributed the limited 
wide spread use of thermal models on a number of factors: a lack of understanding and 
confidence in using and applying thermal models, a lack of input data and ready-to-use 
program files. Given the advantages thermal models have over human experimentation 
and their diverse range of applications, it would seem that there is a need to present more 
of their applied uses in the published literature. 
1.5 The Centre for Human Sciences (CHS) 
The work for this thesis was conducted for the Centre for Human Sciences (CHS), 
Farnborough. This is a large human factors research facility, conducting research on the 
protection, performance and interaction of personnel with their working environment, 
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Fundamental Author Practical applications for mathematical 
application thermal models 
Predict the Gaggeetal, Used a model to develop an Effective 
human (1971), Nishi Temperature Scale. This defines equivalent heat 
thermal and Gagge, strain exposure conditions to any combination of 
response (1977) environmental conditions. 
Waligora Assessed astronaut heat tolerance limits and 
(unknown) cooling requirements for the US Apollo and 
Skylab programmes. 
Kumetz Predicted temperature profiles in space suits 
(1979) when exposed to asymmetric heat loads during 
extravehicular activity (space walks). 
Watkins and Predictions from a mathematical 
Parsons (1985) thermoregulatory model were combined with 
predictions from models of thermal comfort, 
temperature sensation and manual performance. 
Haslam and Estimated the difference in allowable exposure 
Parsons (1988) times for heat acclimated and none acc1imated 
SUbjects. 
Predict the Tam (1977) A model was used to investigate the impact of 
human anhidrosis (lack of sweat gland activity) and 
thermal peripheral vascular disease on the human 
response at thermal response. It was further suggested that 
physiological the influence of spinal cord transections 
limits (paraplegia and quadriplegia) or strokes on the 
human thermal response could be assessed with 
thermal models. 
Wissler (1985) Applied a mathematical model to estimate 
survival times of divers stranded in deep-sea 
diving bells. 
Investigate MacDonald A simple mathematical model was used to 
thermal andWyndham explain the initial drop in body temperature 
physiological (1950) observed when subjects passively transfer from a 
phenomena cool to a warm environment. 
and processes 
Strong et al Used a model to estimate the thermal 
(1985) conductances of superficial tissue in addition to 
that between the skin surface and the 
environment while submersed in cold water. 
Table 1.1 
Practical applications of mathematical thermoregulatory models. 
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for both the anned services and commercial industry. The Applied Physiology 
Department within the Centre has an active interest in developing mathematical models 
for use in practical scenarios similar to those discussed above. 
Initially, when considering which of the available mathematical models to develop, the 
Department's requirements were for a simple, versatile model, which could be operated 
by personnel within the Department and which was able to predict accurately the 
common measures of thermal strain (core and mean skin temperature, sweat rate and 
heart rate). However, at the time there was little information available in the published 
literature to SUppOlt their decision process. For example, Lotens (1988) noted that most 
reviews of thermoregulatory models dealt with the fundamental types and individual 
features and differences that exist between models (Richardson, 1985, Fan et ai, 1971 
Bligh, 1973, Hardy, 1972, Hwang and Konz, 1977, Mitchell et ai, 1972), while few 
validated and compared the accuracy of their predictions and performance (Kraning, 
1995). Consequently, CHS (then known as the Army Personnel Research 
Establishment) supported an investigation by Haslam (1989) and Haslam and Parsons 
(1989,94) to assess practical thermoregulatory models for use within the Centre. 
The study involved a preliminary assessment of six of the most prominent mathematical 
models available at the time: the Gagge and Nishi 2-node model of human 
thermoregulation (Gagge et ai, 1971, Nishi and Gagge, 1977), the Stolwijk and Hardy 
25-node model of human thermoregulation (Stolwijk, 1971, Stolwijk and Hardy, 1977), 
the Givoni and Goldman (1972,73a) prediction equations, the International Standard 
model ISOIDP 7933 (1983), the Ringuest (1981) 25-node model of human 
thermoregulation and the Wissler (1961 a,64,70,85) model of human thennoregulation. 
Based on this initial investigation the Ringuest model was excluded from the study due 
to the inaccuracy of its predictions, while the Wissler model was excluded because of 
practical problems in implementation and model complexity. 
Minor modifications were made to the four remaining models to standardise their 
clothing descriptions and user inputs. In order to distinguish these models from the 
original versions, the modified Gagge and Nishi 2 node model, Stolwijk and Hardy 25-
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node model, Givoni and Goldman prediction equations and the ISO/DIS 7933 were 
named the LUT2, LUT25, LUTIRE and LUTISO models respectively. A 
comprehensive validation of the four models was conducted involving comparisons of 
their predictions with experimental data deriving from the published literature. The data 
consisted of measures performed on 590 subjects exposed to 82 combinations of 
environmental conditions. 
The assessment concluded that the LUT25-node model consistently produced the most 
accurate predictions, though the model did demonstrate a number of limitations. The 
most prominent of these was its inability to predict thermal responses accurately in cold 
environments. This limitation of the model was also noted by users of the original 25-
node model, who attributed it to the limited number of tissue layers (four) in its body 
segments. It was considered that this number of layers was unable to account accurately 
for the high temperature gradients that exist between core and periphery on exposure to 
cold environments. Even so, the work of Haslam (1989) and Haslam and Parsons 
(1989,94) prompted the Applied Physiology Department at CHS to adopt the LUT25-
node thermoregulatory model and continue to use this model today. 
1.6 Aim of the study 
This study aimed to build upon the work of Haslam (1989) and Haslam and Parsons 
(1989,94) by further developing the LUT25-node model of human thermoregulation for 
use in CHS. The intention was to extend the model, enabling it to consider a greater 
number of parameters influencing the human thermal response, which would improve 
the practical capabilities and accuracy of its predictions. Applications of the model are 
also demonstrated through its use to investigate practical problems in thermal 
physiology. Furthermore, the study addresses one of the main recommendations 
evolving from the work of Has lam (1989), to investigate and improve on the accuracy of 
the LUT25-node model's predictions in the cold. Hence, the aims of this study were as 
follows: 
to evaluate the most prominent limitations of the LUT25-node model and 
highlight the most beneficial areas for improvement; 
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11 to develop and validate the LUT25-node model based on the findings 
highlighted in (i); 
III to demonstrate the practical benefits of the LUT25-node model, by using 
it to investigate applied problems in thermal physiology; 
IV to create a multi-layered version of the LUT25-node model, to establish 
if this is the main cause for its poor predictions in the cold. 
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CHAPTER 2 
Human thermoregulation 
) 
2 Human thermoregulation 
The human thennal response is governed by a variety of heat transfer processes, which 
occur both within and between the human body and the thermal environment. The 
function of the human thermoregulatory system is to balance the controlled and passive 
heat exchanges in order to preserve body heat content and hence body temperature. 
2.1 Heat exchange within the human body 
Within the body, metabolic heat is generated. The minimum heat production, tenned the 
Basal Metabolic Rate (BMR), is around 70 to 80 Watts (Leithead and Lind, 1964, 
Collins, 1983). Factors affecting this basal level are digestion (Specific Dynamic Action 
of Food) the age, gender and body size of the individual, thyroid abnonnalities, 
stimulation of the sympathetic nervous system, fever, climate, sleep and malnutrition 
(Collins, 1983, Guyton, 1976). 
Physical activity has the greatest influence on the body's metabolism. Untrained 
individuals can sustain for brief periods, a metabolic rate ten times their resting level 
(ASHRAE, 1993, Leithead and Lind, 1964, Goldman, 1981). The majority of the 
metabolic energy generated with physical activity develops as heat, while a much 
smaller percentage is converted into external work. The total energy production of the 
body may therefore be given by: 
E=P+W (2.1) 
Where: 
E = total metabolic energy production (W); 
P = total metabolic heat production (W); 
W = external work (W). 
A mechanical efficiency may also be calculated for any activity perfonned by the body, 
which is equal to (Fanger, 1970): 
W (2.2) 
1] = E-BMR 
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Where: 
11 = mechanical efficiency (ND). 
Many of the body's activities generate comparatively little external work and can be 
considered to have a mechanical efficiency of zero. The highest working efficiency of 
the body is around 0.2 - 0.25 and is usually only attained when walking uphill, 
performing lifting tasks or pedalling on a cycle-ergometer (Fanger, 1970). 
During exposure to cold environments, the body can increase metabolic heat production 
by shivering, in order to raise or prevent drops in body temperature. This response can 
be both a voluntary and an involuntary (under human thermoregulatory control) process. 
Under severe cold stress, this mechanism is capable of raising metabolic heat production 
five times above resting levels (Kerslake, 1972). 
Heat generated in the body is distributed throughout its tissues by the processes of 
conduction and convection. As core tissues are generally warmer than those in the limbs 
and periphery (fat and skin), the general flow of body heat is from core to periphery. 
2.1.1 Convective heat flow within the body 
In addition to transporting oxygen and substrates, blood flow has an important role in 
distributing heat around the body by convection. Warm blood is carried from the body 
core, via the arterial system, to the cooler limbs and peripheral tissues where heat is 
exchanged. This process of heat exchange is most efficient in the micro-circulation 
(capillaries and venules), where the flow rate is low, vessel walls are thin, and the blood-
tissue interface area is large. For any region of tissue the steady state convective heat 
exchange can be estimated by: 
Q, = Vb,Pb,CbCfb -I,) 
Where: 
Qc convective heat exchange (W); 
Vb = blood volumetric flow (m3.s·'); 
Pb = blood density (kg.m·\ 
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(2.3) 
<1, = specific heat capacity of blood (J.kg'l.oC'I); 
tb = blood temperature eC); 
It = tissue temperature eC)· 
Equation 2.3 assumes that blood, after entering a tissue region, exits at the same 
temperature as the tissue. For larger blood vessels, where the heat exchange with the 
surrounding tissue is less efficient, equation 2.3 can be modified with the introduction of 
an efficiency factor to allow for the reduced heat exchange. 
In addition to blood-tissue heat exchange, there is also blood-blood heat transfer 
(counter-current heat exchange). Within the body, there are examples where large 
arteries accompany their opposing veins. This is true of the vessels supplying the limbs 
such as the femoral artery and vein in the leg. The close proximity and temperature 
gradient between these vessels encourages counter-current heat exchange, where the 
warmer arterial blood heats the cooler venous blood returning to the body core. This 
process is beneficial in the cold when there is a need to conserve body heat. 
The thermal transport properties of the blood are utilised by the human thennoregulatory 
system to control the distribution of body heat and so body temperature. Drops in body 
temperature cause the thermoregulatory system to constrict blood vessels 
(vasoconstriction), reducing the blood flow to the limbs and superficial tissues. This 
conserves heat for essential organs in the body core. Alternatively, when body 
temperature rises, it is necessary to dissipate heat. Consequently, the thennoregulatory 
mechanism initiates blood vessel vasodilation, which increases the blood flow and heat 
exchange between body core and periphery. This raises skin temperature, increasing the 
heat loss from the skin surface to the enviromnent. 
2.1.2 Conductive heat flow within the body 
Within the body conductive heat flows passively due to thermal gradients across the 
body's tissues. The complete mathematical description of conductive heat transfer 
through the body is complex and is dealt with in chapter 9. For the moment, the basic 
principles of conductive heat transfer can be demonstrated by Fourier's law. This states 
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that, 'the rate of heat flow through a single homogeneous solid is directly proportional to 
the area of the section at right angles to the direction of heat flow, and to the change of 
temperature with respect to the length of the path of the heat flow' (Eastop and 
McConkey, 1986). For a flat homogeneous plate, the plane steady state conductive heat 
transfer through it may be calculated by: 
kA Q, = -(t, -t,) 
I 
Where: 
Qk = conductive heat exchange (W); 
k = thermal conductivity of the plate (W.m"'.oC"'); 
A = plate surface area (m2); 
= plate thickness (m); 
t, = temperature at surface 1 of the plate (0C); 
t2 = temperature at surface 2 of the plate (0C). 
(2.4) 
On exposure to hot environments, thermal gradients in the tissues of the body are 
comparatively shallow so that the distribution of body heat is mainly through blood 
convection. However, in the cold, blood flow from core to periphery is reduced and 
larger temperature gradients exist between the body core and periphery. Conduction may 
then become the primary form of heat transport within the body. 
2.2 Heat exchange between the human body and the environment 
It is estimated that at rest the body produces enough metabolic heat to raise all tissue 
temperatures by 1 °C.hour"' if all its heat is conserved (Collins, 1983, Leithead and Lind, 
1964). Therefore, it is essential that for a comfortable and safe thermal homeostasis all 
heat produced by the body is lost to the surroundings. This arises through the processes 
of conduction, convection, radiation and evaporation. The rates of heat transfer are 
dependant on the type (air, water) and characteristics of the environment (air 
temperature, radiant temperature, air speed, humidity, clothing worn and barometric 
pressure) and those at the skin surface (temperature and skin wettedness). The influence 
these processes have on the human thermal response are well understood and are 
detailed in numerous publications (Gagge and Nishi, 1977, Fanger, 1970, Shitzer and 
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Eberhart, 1985). AB this study is concerned with the responses of clothed hwnans to air 
environments at standard atmospheric pressure, a brief overview of these processes for . 
the nude individual follows, with an additional examination of how these are affected by 
clothing. Details on how barometric pressure and water environments influence these 
heat exchanges can be sought from additional texts. 
2.2.1 Conductive heat exchange with the environment 
When the body encounters a solid surface at a temperature different from the skin, heat 
is exchanged by conduction. The rate of heat transfer is directly related to the 
temperature gradient between the skin and the solid surface, the area of contact and the 
thermal properties (conductivity) of the skin and the solid surface (parsons, 1993). 
Generally, the magnitude of conductive heat exchange between the body and its 
environment is limited, as the area of contact is small (eg the soles of the feet when 
standing) and the thermal conductivity of the surfaces the body comes into contact with 
are low (eg soft furnishings of chairs and couches). Consequently, it is common to 
neglect conduction between the hwnan body and the environment in heat transfer 
calculations. 
2.2.2 Convective heat exchange with the environment 
Convective heat exchange between the body and the environment can be classified as 
either natural or forced. Both forms of heat exchange are dependent on the skin-air 
temperature difference and on the physical properties and flow pattern of the air. Both 
can also be evaluated by the equation: 
(2.5) 
Where: 
Qc = convective heat exchange (W); 
AD = DuBois body surface area (m\ 
he convective heat transfer coefficient (W.m·2.oC·!); 
t ,k mean skin temperature COC); 
t. air temperature (0C). 
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h.: in equation 2.5 summarises how the physical properties and flow pattern of the air 
influence the convective heat exchange. It is air speed that dictates which type of 
convective heat exchange occurs. At air speeds below 0.2 m.s·1 natural convection 
predominates (Kerslake, 1972, Gagge and Nishi, 1977). This results from the heating of 
air adjacent to the skin surface, which expands and rises. With natural convection, the 
convective heat transfer coefficient of eqnation 2.5 is dependent on the skin-air 
temperature gradient, gravity, air density and the flow pattern (Gagge and Nishi, 1977, 
Fanger, 1970). As air speed increases so does the convective heat transfer coefficient 
and there is a gradual conversion from natural to forced convection, as air-exchanging 
heat with the body is quickly removed and replaced as a result of the increased air 
movement. The convective heat transfer coefficient is then reliant on the speed and flow 
pattern of the air across the body (Gagge and Nishi, 1977, Fanger, 1970). 
The effective air speed over the body is influenced by three factors (Lotens and 
Havenith, 1991): the affect of motility (eg the swinging of the arms and legs through the 
air while walking), the affect of one's own displacement (eg forward movement while 
walking) and the affect of external air movement. 
In addition to convective heat exchange at the skin surface, convective heat is also 
exchanged with the environment through respiration. Air is inspired at air temperature 
and expired at a temperature similar to that of the internal body (Fanger. 1970). 
2.2.3 Radiative heat exchange with the environment 
Any object at a temperature above absolute zero (-273 QC) emits thennal radiation 
proportional to the fourth power of its absolute temperature. Between the human body 
and the environment radiative heat exchange can be expressed by (Kerslake. 1972, 
Eastop and McConkey, 1986): 
(2.6) 
Where: 
Q, = radiative heat exchange (W); 
A. = effective radiation area of the body (m2); 
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Esk = skin emissivity (NO); 
cr = Stefan-Boltzmann constant (5.67 x lO·s W.m-2X\ 
T,t = absolute mean skin temperature (K); 
T, = absolute mean radiant temperature (K). 
Because certain regions of the body are obscured from exchanging radiative heat with 
the environment and there is irradiation between facing body parts, the effective 
radiation area of the body is smaller than its total surface area. This reduction in the total 
surface area available for radiative heat exchange is defined by an Effective Radiation 
Area factor. This is highly dependent on the posture of the individual; greatest when 
spread-eagle and least when curled up (Kerslake, 1972). Typical values are 0.696 for 
sitting and 0.725 for standing (Fanger, 1970 and Fanger et ai, 1970). 
The emissivity relates to the capacity of an object to radiate heat. It is highly dependent 
on the wavelength of the incident thermal radiation. In most indoor environments, the 
human body is exposed to long wave radiation and the emissivity of human skin is 
approximately unity (Kerslake, 1972, Fanger, 1970). On exposure to short wave 
radiation (ie solar radiation), the emissivity is highly dependent on skin pigmentation 
and can drop to values of 0.3 and 0.6 for light and dark coloured skin respectively 
(ASHRAE,1993). 
2.2.4 Evaporative heat exchange with the environment 
Evaporation involves the change of state of a liquid into a vapour and the consequential 
diffusion of this vapour across a mass concentration gradient. Between the human body 
and the environment, evaporative heat is exchanged, with the skin and by the 
humidification of respired air. 
At the skin surface moisture accumulates, through the processes of diffusion and 
sweating, where it evaporates. The diffusion of moisture to the skin surface is a passive 
process, while sweating is a thermoregulatory response initiated to increase evaporative 
heat loss and combat increases in body temperature. Assuming the temperature of the 
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skin is equal to that of air (Kerslake, 1972, Gagge and Nishi, 1977), the rate of 
evaporation for the whole body can be estimated by the equation: 
(2.7) 
Where: 
Qe = evaporative heat exchange (W); 
w = skin wettedness (ND); 
he = evaporative heat transfer coefficient (W.m-2.kPa-,); 
Psk = partial water vapour pressure at the skin surface (kPa); 
P. = partial water vapour pressure of the air (kPa). 
The skin wettedness in equation 2.7 describes the relative area of the skin surface 
covered by moisture. A skin wettedness of one indicates a complete covering of the skin 
with moisture, while a value of zero represents completely dry skin. In practice, skin 
wettedness only approaches these extreme values. Even with no regulatory sweating, 
moisture diffusion through t.~e skin still occurs and the minimum skin wettedness is 
around 0.06 (Gagge and Nishi, 1977). Alternatively, with regulatory sweating, it is 
estimated that the maximum attainable skin wettedness is between 0.8-1.0 (Gagge and 
Nishi, 1977, Candas et ai, I 979a,b ). 
2.2.5 Clothing 
Clothing provides a barrier to the exchange of heat between the human body and the 
thermal environment. Figure 2.1 illustrates the mechanisms of skin-environment heat 
exchange through clothing. Dry heat transfer within clothing involves conduction (K) 
along and radiation (R) between clothing fibres. The colour of clothing also influences 
the irradiation of the body to short wave thermal radiation (Fanger, 1970); lighter 
coloured clothing reflecting more thermal radiation than dark. 
Convection (C) occurs within air, trapped between the skin and clothing, and in air 
pockets within the clothing fibres. It is the trapped air which influences the thermal 
insulation of clothing, as air has a specific conductive thermal resistance of 39 m.K.W1 
compared with 24 m.K.W1 for that of a typical clothing layer (Lotens and Havenith, 
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1991). Consequently, the highest dry thennal insulation for clothing is achieved when 
air trapped by clothing remains undisturbed. However, air within clothing can be 
displaced by, compression of the clothing fabric through postural changes, the activity of 
the wearer ('pumping' effect), through environmental air penetrating and replacing 
trapped air within the clothing, or by the absorption of moisture, which has a thennal 
conductivity twenty times greater than that of air (Comwell, 1977). All these processes 
reduce the dry insulative properties of clothing. 
K 
. 
• • • 
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\ \!I c 
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skin clothing environment 
Figure 2.1 
Heat transfer through clothing. 
From Has/am and Parsons (1988). 
The mechanisms of moisture and vapour transfer within clothing are complex. Moisture 
(sweat plus diffused moisture) accumulating at the skin surface can evaporate (E), and 
either pass directly through the clothing to the environment, or condense within it 
releasing latent heat. In hot humid conditions, there is also the possibility of water 
vapour from the environment condensing and releasing heat either within the clothing or 
at the skin surface. 
Where there is direct contact with the skin surface moisture can wick into clothing. The 
process of moisture absorption by clothing fibres is known to generate heat (Lotens and 
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Linde, 1983, Woodcock, 1962a,b, Danielsson and Bergh, 1992). The amount of heat 
generated depends on the fibre type, but is generally greater for natural compared with 
synthetic fibres as these are capable of absorbing more moisture (Kaswell, 1953, Morton 
and Hearle, 1962). The total absorption capacity of clothing fibres is tenned its regain. 
Once in the clothing, moisture can evaporate and take heat from the clothing. However, 
this process is less efficient at removing heat from the body than if the moisture had 
evaporated direct from the skin surface (Craig, 1972, Craig and Moffit, 1974, Neale et 
aI, 1996a, Fourt and Hams, 1949). 
In addition to its direct impact on the thermal exchange between the body and the 
environment, clothing also has an indirect impact on the human thermal re~ponse. Its 
weight and restrictions that it places on the wearers manoeuvrability can mcrease 
metabolic heat production to complete a given task (Lotens, unknown). 
2.3 Thermoregulatory control 
Although the thermoregulatory responses (sweating, shivering, vasomotor activity) and 
their implications on the, human thermal response are well understood, there still exist 
many uncertainties regarding human thermoregulatory control. It is appreciated that the 
thermoregulatory mechanism reacts to maintain the thermal state of the body. However, 
there is still no detailed understanding on how the thermoregulatory system operates, 
where a large amount of speculation still surrounds the structure, operation and location 
of the thermoregulatory mechanisms. The fundamental questions still asked are what is 
being controlled and how ? (Wemer, 1980, Bligh, 1978). 
Without a clear understanding on how the thermoregulatory system functions, it has 
been common to consider it as a simple feedback control system. This provides a 
superficial interpretation on how the human thermoregulatory system operates. Figure 
2.2 provides such an analogy as used by Stolwijk and Hardy (1966a). The controlled or 
passive system in figure 2.2 characterises the human body with its thennal properties 
(thermal conductivity, specific heat capacity) mass and surface area, where its thermal 
state is influenced by disturbances from the thermal environment. 
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Information on the thermal condition of the controlled system is relayed to the 
thermoregulatory controlJing system via feedback elements through the monitoring of a 
controlled variable. With respect to what this controlled parameter might be, there 
currently exist several conflicting theories. The classical and more popular one is that 
some aspect of body temperature (eg core or mean body temperature) is the controlled 
parameter (Bligh, 1978, Cabanac, 1975, Hammel, 1972, Benzinger, 1961,69). The 
alternative suggestions are that body heat content (Bligh, 1978, Werner, 1980) or heat 
flow from the body (Webb et ai, 1978) are the regulated variables and that the consistent 
return of body temperature to the same temperature is a fortuitous consequence in the 
regulation of either of these parameters. 
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. Figure 2.2 
Block diagram of a feedback control system. 
From Stolwijk and Hardy (1966a). 
Independent of what the controlled variable might be, it is known that the human body 
does possess thermal receptors at both peripheral (skin) and internal locations (Cabanac, 
1975, Werner, 1980, Benzinger, 1961,69, Bligh, 1978) which act as feedback elements. 
The principle location of the internal sensors is the hypothalamus (Bligh, 1985), though 
they are known to be present in other internal regions; other regions of the brain, spinal 
cord and abdomen (Cabanac, 1975, Werner, 1980, Hammel, 1972, Bligh, 1985). 
Investigations on the activity of peripheral thermal receptors indicate that there exist two 
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fundamental types; those responsive to cold and those responsive to heat (Wemer, 1980, 
Hammel, 1972, B1igh, 1978), and both respond to static and dynamic stimuli 
(Benzinger, 1969). Central receptors are believed to act in a similar manner. Although 
the activity of thennal receptors seems clear, it is not known how signals from the 
thennal receptors are interpreted by the thennoregulatory controlling elements. The 
popular interpretation is that signals received by the controller are based on the deviation 
of the afferent response of the controlled variable from a 'set-point' value (Wemer, 1980, 
Benzinger, 1961, B1igh, 1978). This describes the 'set-point' theory of human 
thennoregulation as illustrated in figure 2.2. It is further believed that the 'set-point' 
value of the controlled variable is altered during fever (Benzinger, 1969, Bligh, 1978) 
and exercise (Cabanac, 1975). 
Wemer (1980) provides two alternative theories, which both rely on the concept of a 
'set-point' for afferent signal interpretation. The first involves a balance in the rise and 
fall of signals deriving from positive and negative feedback elements, and the second 
relies on a balance between heat loss and heat production effector responses. He also 
provides an example of a thennoregulatory controller requiring no 'set-point' value, 
where control is achieved through the balance of controlled and controlling processes, 
providing true proportional control. 
It is understood that the primary centre of thennoregulatory control making up the 
controlling elements in figure 2.2 are located in the hypothalamus (Cabanac, 1975, 
Bligh, 1985), though there are indications that other regions of the brain and spinal cord 
are also involved in interpreting afferent signals from the feedback elements. It is certain 
that thennal signals are received by the hypothalamus from all over the body, but it is 
not clear how these separate values are combined and interpreted to prompt the correct 
thennoregulatory response. Possible suggestions are that there is either a summation or 
multiplication of the separate peripheral and internal afferent signals (Cabanac, 1975) or 
cross inhibition between signals deriving from warm and cold sensors. Irrespective of 
the decision processes made by the controlling elements, these initiate appropriate 
thennoregulatory control within the controlled system and so maintain the controlled 
variable (either body temperature, heat content or heat flow) at the desired level. 
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2.4 Concluding remarks 
'This chapter has looked at the processes of heat exchange within the human body and 
between the human body and the thermal environment, and at how these processes may 
be regulated by thermoregulatory control. The understanding of these processes is 
essential to human thermal model development, though the detail of understanding 
required is related to the complexity of the model used or constructed. This point is 
considered in the following chapter, which looks at the diversity of human thermal 
models presently available. 
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CHAPTER 3 
Human thermal models 
3 Human thermal models 
Thermal models fulfil one or more of the following purposes: to describe, simulate or 
predict human thermoregulation and the hwnan thermal response. Grodins (1970) 
outlines four conceptual types of themlal model: verbal, pictorial, physical and 
mathematical. 
3.1 Verbal and pictorial models 
Verbal and pictorial models are the most rudimentary types of thermal model available. 
Verbal models describe the operation and response of the human thennoregulatory 
system without making any assumptions of its form; much like the laws of 
thermodynamics provide quantitative descriptions of the governing processes 
concerning the transfer and conversion of energy. An example of a verbal thermal model 
is provided by Ott (1904) (as cited by Hardy, 1972) who states - 'when a nonnal animal 
is subject to heat or cold it regulates its temperature and keeps it at a fixed point'. 
Pictorial models generally present a clearer view on the hypothetical structure and 
function of the thermoregulatory system by identifying its constituent parts and 
illustrating how these relate and interact with one another. Bligh (1985) for example 
used the pictorial model in figure 3.1 to illustrate the structure and function of the human 
thetmoregulatory system. 
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Mixer) 
Figure 3.1 
Pictorial model of the human thermoregulatory system. 
From Bligh (1985). 
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Both verbal and pictorial models possess no capabilities for quantifYing the hwnan 
thermal response, but do present the hwnan thermoregulatory system in a simple 
understandable format that can be used as a descriptive aid or act as the foundations for 
developing functionally more competent models of hwnan thermoregulation. In view of 
their limited capabilities, no further reference to these models will be made in this thesis. 
However, a more detailed review of these models is provided by Hardy (1972). 
3.2 Physical models 
Physical models attempt to represent the true form and function of the hwnan thermal 
system. The most complex of these are hwnan subjects. Experiments are performed in 
which hwnan thermal responses are measured. The individual or mean response of a 
group of subjects can then be used to represent those of other individuals or the mean of 
a much larger population. The measured responses will not match the responses of the 
individual or group they are designed for, as inter and intra-individual differences in 
subject physiology dictate that measured responses will be unique to the group of 
subjects at the time of measurement. Consequently, measured responses must be 
considered a model of the expected responses of others. 
Hwnan experiments are considered the most accurate means of assessing the hwnan 
thermal response. However, as noted in chapter I they have a nwnber of limitations 
relating to their cost, the amount of time needed to complete them, the specialised 
resources they require (environmental chambers, temperature probes, data loggers ete), 
measurement errors, and ethical restraints preventing the investigation of the human 
thermal response at physiological limits and in the measurement of internal body 
responses. A simpler means of making qualitative and quantitative estimates of the 
hwnan thermal response is with analogue models of hwnan thermoregulation. The most 
prolific of these are the electrical analogues. As noted by Hardy (1972) and Mitchell et 
al (1972), the first of these was produced by MacDonald and Wyndham (1950). Figure 
3.2 details the circuit diagram of this model. It was used by the originators to interpret 
the results of their hwnan experiments. In addition to electrical systems, Hardy (1953) 
(as cited by Mitchell et ai, 1972) reports on the development of further analogue models 
(mechanical, thermal and hydraulic). 
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The advantage of analogue models is that they are able to relate complex misunderstood 
systems and processes with ones comprising of more familiar elements with proven 
dynamic responses. However, their widespread use and development has been limited 
by, their bulkiness, expense, inaccuracy and complexity when extended to mimic more 
accurately the underlying physiological processes relating to the human themlal 
response. 
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Figure 3.2 
Electrical analogue of human thermoregulation. 
From MacDonald and Wyndham (1950). 
Biological systems (animal models) can also be considered physical models, though this 
view is not shared by Hardy (1972). In his review of physical models, biological 
systems were omitted due to concerns associated with the obvious physiological and 
anatomical differences that exist between different animal species. However, simple 
biological experiments have provided useful results. Golden and Hervey (1981,77) for 
example, performed experiments on pigs to investigate the mechanism responsible for 
the thermal physiological phenomenon known as the 'afterdrop': the continued fall in 
deep body temperature observed in hypothermic victims during re-wanning. The 
successful results from their study demonstrated the benefit in using biological systems 
to gain an understanding of the human theffilal response and processes. It is intuitive and 
also demonstrated by the work of Golden and Hervey (1981,77), that the caution 
expressed by Hardy (1972) in using animal models to interpret the physiological 
responses of another should be highly dependant on the type and complexity of the 
investigation conducted. Obviously there exist limitations in using alternative biological 
systems to interpret human thermoregulation and its response, but this should not lead to 
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a complete disregard for the potential insight animal models have to offer. There are 
however ethical issues to consider when conducting animal experiments, but these will 
not be discussed further here. 
3.3 Mathematical models 
There are two types of mathematical model (Kraning, 1995, Havenith, 1985): empirical 
and rational. 
Empirical models make no assumptions on the structure or understanding of the human 
thermoregulatory system, relating directly the imposed thermal stress to the expected 
thermal strain. Very few empirical models have been developed, though one which has 
attracted a large amount of attention is the heat strain model of Givoni and Goldman 
(1972,73a,b). The model is a series of mathematical equations capable or predicting 
rectal temperature responses during rest, work and recovery from work. The equations 
were obtained through regression analysis performed on the temperature responses of 
subjects working and resting in the heat. Consequently, this type of model is restricted to 
predicting the thermal responses of subjects exposed to environmental, clothing and 
working conditions similar to those on which its regression equations are based. 
Furthermore, as the equations derive directly from measured physiological responses, 
the model does not simulate the human thermal system, but only estimates its response 
to the expected thermal stress. Therefore, the model cannot be used to investigate 
thermal physiological phenomena or abnormalities of the human thennoregulatory 
system. However, continued development of the model has lead to its implementation 
on a hand held portable system for use in the field by the US military (pandolf et al. 
1986, Pandolf, 1996). 
Unlike empirical models, rational mathematical models do attempt to simulate the 
human thermoregulatory system in order to predict the body's thermal responses. 
Consequently, these models consider the physical, thermal and regulatory characteristics 
of the human body, basing their equations to describe these features on the fundamental 
laws of physics relating to heat and mass transfer. Generally, rational mathematical 
models are designed to predict one or more of the four common measures used to assess 
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thermal strain - deep body temperature, skin temperature, heart rate and sweat rate. In 
their development, it is usual to consider that the hwnan thermoregulatory system 
consists of two distinguishable parts: a passive and an active system. The passive system 
represents the physical and thermal characteristics of the hwnan body, while the active 
system provides thermoregulatory control, mimicking and regulating the physiological 
responses of shivering, sweating and vasomotor action within the passive system. 
The published literature indicates that rational mathematical model development has 
been more prolific than that of any other predictive model. Table 3.1 reviews the extent 
and range of their development. Their popularity is most likely attributable to the fact 
that they do not suffer the same nwnber of limitations associated with other models and 
so have a more diverse and adaptable range of applications. Only the inaccuracy of their 
predictions prevents them from competing with hwnan experiments, where this 
limitation of the models is largely a consequence of gaps in understanding 
comprehensively the processes governing hwnan thermoregulation. As the intention of 
this study is to develop a rational mathematical model of hwnan thermoregulation 
(LUT25-node model)(Haslam, 1989, Haslam and Parsons, 1989,94), a more detailed 
review of these types of model will be considered, in order to justifY the continued 
development of the LUf25-node model over others. 
3.4 Rational mathematical models 
Some rational mathematical models limit their scope of interest to isolated regions of the 
anatomy. For example, predicting temperature profiles in body cross sections during the 
hyperthermic treatment of carcinomas (Iskander and Khoshdel-Milani, 1984, Paulsen et 
ai, 1984, Emery and Sekins, 1982, Jain, 1978), regional heat production and blood flow 
in the hwnan forearm (pennes, 1948), and a model predicting fingertip temperatures 
during cold exposures (Shitzer et ai, 1996). Greater effort has centred on developing 
whole body models of the hwnan thermal response, as detailed in table 3.1. These are 
usually categorised by the nwnber of segments used to represent the hwnan form. 
Burton (1934), who is considered to have published the first rational mathematical 
model (Hardy, 1972, Lotens, 1988), began by asswning the hwnan body (passive 
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IV 
00 
Authors 
Atkins and Wyndham 
(1969), Atkins and 
Mitchell (1971) 
Burton (1934) 
Buse and Werner 
(1989) 
Gagge et al (1971) and 
Nishi and Gagge 
(1977) 
Gordon et al (1976) 
Model description 
A one dimensional, lumped parameter model representing the human form as a single cylinder divided into 
four concentric, homogeneous, tissue compartments: core, muscle, fat plus deep skin, and an outer avascular 
skin layer. The model provides a solution for five temperature nodes, with two temperature nodes in the muscle 
and the fat plus deep skin layer. The model has a central blood compartment, distributing and receiving blood 
from the three inner tissue layers, but neglects counter-current heat exchange. A controlling mechanism based 
on actual body temperature rather than on body temperature deviations from reference (set point) temperatures, 
alters blood flow, sweating response and metabolic heat production. 
A lumped parameter analysis of the human thermal response and interaction with the thennal environment. 
The model considers only the steady-state human thermal response. The model was devised to establish how 
the environment, internal body temperature and blood flow influence skin temperature. 
A one-dimensional single cylinder model of human thermoregulation. It is defined radially by 40 nodal points 
with one of four concentric tissue properties: core, muscle, fat and skin. Afferent signals for the model's 
thermoregulatory controller consist of a proportional weighting of core and mean skin temperature responses 
which are multiplied by gain factors to produce the efferent signals of sweating, blood flow and shivering. The 
model was developed for investigating human thermoregulatory control. 
Commonly known as the 2-node model of human thermoregulation, this model represents the human form as a 
single cylinder consisting of a central core surrounded by a skin shell. Heat flows in the radial direction of the 
model only (one-dimensional) and it considers the human thermoregulatory responses of shivering, sweating, 
and vasomotor action, where the control for these processes is based on a 'set-point' theory of human 
thermoregulation. As blood flows between the core and shell, their masses alter according to the amount of 
blood that is flowing between them. The model accounts for acc1imation state, air, water and hypo- hyperbaric 
environments. Originally, the model was developed to determine a new Effective Temperature scale. 
A nude model possessing 14 cylindrical and spherical angular segments to represent the human form. 
Table 3.1 
Rational mathematical models of human thermoregulation. 
Huckaba et al (1973), 
Huckaba and Tarn 
(1980) 
Cylinders account for the neck, thorax, abdomen, arms, hands, legs and feet. The face is a cylindrical segment 
while the head and forehead are spherical segments. Blood is supplied to each segment of the model by a 
central blood region and counter-current heat exchange occurs in the blood provided to the neck, arms, hands, 
legs and feet. Each segment has four or more tissue layers that are all divided into two or more annular shells 
by nodal points. Altogether, the model solves for 155 nodal temperatures, including that of its central blood 
compartment. The model is one-dimensional, predicting temperature variations in the radial direction of the 
segments only. It was. designed to make physiological predictions.in cold air environments, which explains 
why evaporation from the model is maintained at basal values. Control of the models metabolic heat 
production and blood flow is determined by deviations in the head core and skin temperatures and the whole 
body skin heat flux from set-point values. 
This model has similar mathematical characteristics to the 25-node model ofStolwijk (1971) and Stolwijk and 
Hardy (1977). The model's body is separated into 11 cylindrical segments (head, neck, upper trunk, lower 
trunk, upper arms, forearms, hands, fingers, thighs, legs and feet). Each segment is divided into concentric 
layers of core, muscle, fat and skin and a separate central blood compartment distributes blood to all the other 
tissue compartments. Counter-current heat exchange exists between the muscle tissue in the limbs, such that 
the blood reaching the hands and feet is 0.5 °C lower than the central blood compartment temperature and 
respiratory evaporative heat loss is subtracted from the heat balance of the head core compartment. The model 
has no formal controlling mechanism. Transient predictions are obtained from the model by varying metabolic 
heat production and blood flow rate and distribution based on experimental measures on which the models 
results are to be compared with. 
Hsu et al (1972,1973) A one-dimensional model based on the work of Wissler (1964), which considers the human body as six 
cylindrical segments; head, torso, arms and legs. Five grid points (nodes) discretisize each radial segment of 
the model. The model considers the counter-current heat exchange that occurs between the large arteries and 
veins of the human body. It has no thermoregulatory control mechanism and so is only able to predict steady-
state human thermal responses. The model was developed primarily for evaluating lnicroclimate cooling 
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Konz (1979) and Konz 
et al (1977) 
Kraning (1991,95) 
Kuznetz (1979) 
systems, surrounding the head and torso. Heat transfer from the model's covered skin surfaces is by direct 
conduction with microclimate cooling pipes. An optimization feature of the model evaluates the inlet cooling 
temperature and coolant mass flow rate, through the microclimate-cooling garment, for any given metabolic 
heat production, in order to maintain thermal neutrality. 
The model is based on the 25-node model ofStolwijk (1971) and Stolwijk and Hardy (1977). It has the same 
passive and active systems as the 25-node model, however a number of improvements have increased the 
model's capabilities. With respect to subject differences, the model accounts for differences in the basal 
metabolic heat production of males and females, age, height, weight, percentage body fat and state of 
acclimation. The model allows for the influence of barometric pressure on evaporation and has clothing, where 
the insulation can be varied over the models individual segments. Finally, it is capable of simulating different 
types of exercise by considering alterations in subject posture and the distribution of metabolism with exercise. 
A clothed model designed for predicting thenna! responses in the heat. It represents the human body as a single 
cylinder, consisting of five concentric homogeneous, compartments (core, muscle, fat and vascular and 
avascular skin layers) in which heat flows in the radial direction only. The model's anthropometry and 
composition is specified by user-inputs of body weight, height and percentage body fat. Blood is supplied to 
the four inner compartments from a central pool of blood. Cardiac output, heart rate and stroke volume are 
evaluated and used by the model to control and limit blood flow to the core, muscle and vascular skin 
compartments. The thennal conductance between the two skin layers is varied as a function of the skin blood 
flow. Time lags are imposed on the changes in blood flow and stroke volume to prevent instantaneous changes 
in these responses. 
The model's passive system consists of 10 cylindrical segments representing head, torso and each arm, hand, 
leg and foot. The model is two-dimensional considering in all segments heat flow in both radial and angular 
directions. Consequently, each segment is divided into four angular quadrants, and nine concentric radial 
compartments with tissue and thennal properties specific to either core, muscle, fat or skin. Temperature 
predictions are made for 361 isothennal nodal points. The model's controlling mechanism is based on that of 
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Montgomery (1974) 
Richardson (1988b) 
Stolwijk (1971) and Stolwijk and Hardy (1977), mimicking the regulatory responses of sweating, shivering and 
vasomotor action. 
This model has the same six geometrical segments as the Stolwijk and Hardy model (1977); spherical head and 
cylinders representing trunk, arms, hands, legs and feet. Like the 25-node model each segment has the same 
four concentric tissue layers, but the core and muscle compartments are divided into a further four tissue layers. 
The model has been developed to simulate the thennal responses of an immersed man and an additional node 
surrounds each segment of the model to represent the insulation of a wet suit. Additionally, consideration is 
made for the increased effort and heat loss experienced when breathing gases at elevated pressures. The model 
has also been modified so as its height, weight and percentage body fat can be altered. The model's controlling 
mechanism is identical to that of the Stolwijk and Hardy model. 
Based on both the models ofStolwijk and Hardy (1977) and Wissler (1985), the passive aspect of this model is 
separated into IS geometrical segments. The head is represented by a sphere while cylinders correspond with 
the thorax, abdomen and proximal, medial, and distal aspects of each arm and leg. All segments have four 
radial property zones of core, muscle, fat and skin. The layers of core and muscle are further divided into 4 
concentric temperature zones, yielding ten temperature nodes in each segment; 150 temperature nodes in the 
model altogether. The computer program allows for variations in the model's height, mass and percent body 
fat. The circulatory system in the model is similar to that developed by Wissler, with major arterial and venous 
pools contained in the core of each body segment, supplying and receiving blood from major venous and 
arterial blood pools in more distal body segments of the modd and minor venous and arterial blood pools in 
more superficial regions of the body segments. Heat transfer occurs between the blood vessels and the 
surrounding tissue and counter-current heat exchange exists between veins and arteries. First order lags are 
introduced for changes in the blood flow to the muscles when shivering and exercising, and in the regulation of 
skin blood flow during vasomotor action. The thennoregulatory controller for the model is similar to that of 
Stolwijk and Hardy (1977), but as the model is designed to simulate the thennal responses of water immersed, 
nude and clothed subjects the sweating mechanism has been inhibited. 
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Ringuest (1981) 
Smith (1991), Fu 
(1995) 
Smith and Twizell 
(1982,1984) 
Stolwijk and Hardy 
The passive form of this model is identical to that ofStolwijk and Hardy (1977). As with the original 25-node 
model, it only predicts the nude response. The main difference between the original Stolwijk and Hardy model 
and this one is that the control equations for the models active system have been replaced by statistically 
derived functions. Limits have also been placed on the magnitude of the model's thermoregulatory responses. 
This is a three-dimensional finite element model providing predictions on the clothed human thermal response 
on exposure to air environments. The passive aspect of the model is divided into fifteen cylindrical body 
segments (head, neck, torso, upper arms, thighs, forearms, calves, hands and feet) and is constructed from 936 
finite elements. These elements separate each body segment of the model radially, axially and segmentally. 
Each element possesses one of the following tissue properties - brain, abdomen, lung, bone, muscle, fat, skin. 
Similar to Wissler's model, each body segment exchanges heat with adjacent body segments through blood 
convection only. However, in this model both the macro-circulation and superficial veins transport heat 
between the individual body segments of the model. A rational approach is used in this model to simulate 
respiratory heat loss as opposed to using empirical estimates for this process. All thermoregulatory responses 
are simulated in the model and control equations for these processes are based on changes in core and skin 
temperatures. In line with the complexity of the thermoregulatory model, the clothing is a complex transient 
rational system. This considers such factors as the heat of adsorption or desorption of clothing fibres, the mass 
of the clothing and the accumulation of moisture on the skin surface. 
A one-dimensional model with a passive system consisting of 4 geometrical segments: a spherical head and 
cylinders representing the torso and each pair of arms and legs. Each segment of the model is divided into four 
concentric layers; core muscle fat and skin. Clothing covers the torso, arms and legs but not the head. All of the 
model's segments are discretisized into 100 concentric temperature regions except those covered by clothing, 
which have an additional 2 nodes to represent clothing plus a trapped air layer (406 nodes altogether). The 
model's equations are the same as those adopted by Wissler (1964,70,85). The controlling mechanism for the 
model is based on the one developed by Stolwijk (1971) and Stolwijk and Hardy (1977). 
A nude lumped parameter thermoregulatory model idealising the human form as six geometrical segments; 
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(1966a), Stolwijk 
(1971,1980), Stolwijk 
and Hardy (1977), 
Stolwijk et al (1973) 
~ 
Tikuisis andFrim 
(1994) 
Tikuisis et al (1988) 
Wemer and Webb. 
(1993), Xiaojiang and 
spherical head and cylinders representing the trunk and each pair of arms, hands, legs and feet. Each segment is 
further divided into four concentric, homogeneous, isotropic tissue compartments (nodes) yielding 24 
individual temperature nodes. A separate 25th compartment for the model represents the major blood 
containing vessels of the body, which distributes and receives blood from the remaining tissue layers of the 
model. The model's controlling mechanism simulates the thermoregulatory responses of vasomotor action, 
sweating and shivering. 
A single cylindrical model, having a central core surrounded by a shell consisting of fat and skin and a clothing 
plus air insulation layer. The model was developed to predict cold survival times in both air and water and 
consequently has a highly developed shivering mechanism, but no blood flow or sweating responses. The 
shivering response is proportional to the change in skin and core temperatures, but is attenuated as core 
temperature drops below 32°C. A metabolic reserve is defined for the model and once this is utilised shivering 
endUrance is related to shivering intensity. Clothing is simulated on the model and consideration is given for 
the reductions in air and clothing insulation with air velocity. 
A thermoregulatory model based on the thennoregulatory models of Stolwijk (1971), Stolwijk and Hardy 
(1977) and Montgomery (1974). It is a six segmented model with a spherical head and cylinders representing 
the arms, hands, legs and feet, with each body segment divided into four concentric tissue compartments of 
core, muscle, fat and skin. The model is designed to predict the thermal responses of immersed subjects and so 
neglects heat loss by radiation and evaporation. To account for the initial rapid rise in shivering observed in 
subjects immersed in cold water, a control equation for shivering is included in the model, which is solely 
dependent on changes in skin temperature. Also, to prevent an initial large drop in core temperature caused by 
the perfusion of cold shivering peripheral muscles with warm blood, the initial shivering response is limited to 
the trunk muscles, which have a closer temperature to the trunk core temperature. The equation used to 
evaluate the shivering response is dependent on the percentage body fat of the simulation. 
A six cylinder (head, trunk, arms, hands, legs and feet) model of human thermoregulation, in which heat 
transfer is in the radial direction only. Each cylinder is composed of two material types (central core 
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Wemer (1994) 
Wemer (1977), 
Werner and Buse 
(1988), Wemer et al 
(1989) 
Wissler (1961a,b, 64, 
70,85) 
surrounded by a shell) and spatially represented by 101 temperature nodes. Distributing blood to the six 
cylinders is a central blood region, from which respiratory heat loss is subtracted. Counter-current heat 
exchange exists between the venous and arterial blood distributed to the hands, legs and feet. Initiating 
appropriate thennoregulatory responses (vasomotor action, shivering and sweating) is a controlling mechanism 
responsive to temperature changes in the head and trunk core and all skin temperatures. Coupled to the 
thennoregulatory model is a transient model of clothing heat transfer. 
A nude three-dimensional thennoregulatory model possessing a passive system closely resembling the true 
morphology and inhomogeneity of the human body. TIns detail is achieved with 400,000 temperature nodes 
characterised by 54 different tissue types, each having separate thermal conductivities, specific heat capacities, 
density, basal specific metabolic heat production and specific blood flow. With this model, it is possible to 
create life-like temperature distributions of the human body. The model's controlling mechanism consists of 
simple lumped and distributed control initiating vasomotor action, sweating and shivering. 
This model's passive system consists of 15 cylindrical segments (head, thorax, abdomen, and proximal, medial 
and distal segments of the arms and legs). Each segment is further divided into 15 concentric regions that 
require temperature predictions at 225 isothennal homogeneous regions. Heat flow is in the radial direction 
only (one-dimensional thennal model). The model possess a highly developed cardiovascular system in which 
arterial blood entering proximal segments of the limbs goes to supply more distal segments and counter current 
heat exchange occurs between the larger arteries and veins. In addition to temperature responses, the model 
predicts the mass balances of oxygen, carbon dioxide and lactic acid and the maximum cardiac output and 
glycogen depletion for use in the models active system to regulate physiological responses. 
Table 3.1 (continued) 
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system) could be represented by a single homogeneous segment. Since this early model 
numerous other single segment models have emerged (see table 3.1). Most of these 
represent the human body as a single cylinder consisting of concentric tissue layers to 
characterise the body's range of thermal properties. Additionally, they possess 
cardiovascular systems and thennoregulatory control mechanisms (active systems). 
Figure 3.3 illustrates the single cylinder (four tissue layered) model of Atkins and 
Wyndham (1969) and Atkins and MitchelI (1971). The benefits of the single segment 
model are that it is simple to construct, adapt and requires limited computational effort 
(computer processing power). These characteristics are still appreciated today, as 
demonstrated by the recent development of single cylinder models by Kraning (1991,95) 
and Tikuisis and Frim (1994). 
Figure 3.3 
A schematic diagram of Atkins's single cylinder model of 
human thermoregulation.from Atkins and Mitchell (1971). 
Concerns regarding the simplicity of the single segment model, along with .its inability 
to adequately simulate the distribution of blood flow, metabolic heat production and 
temperature profiles in the human body, prompted Wissler (I961a,b) to develop the first 
multi-segment model (Hwang and Konz, 1977)(figure 3.4). It consisted of six 
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cylindrical segments representing the head, trunk, anus and legs. The amount of 
segments considered by the model was later increased to fifteen (Wissler 1964,70). 
Since the introduction of Wissler's multi-segment model numerous others have evolved 
(see table 3.1). 
Figure 3.4 
Wissler's six segment model of human therm9regulation. 
from Wissler (J961a). 
Although the passive system of Wissler's six-segment model was structurally more 
comprehensive than any that had been developed previously it still had no active 
thermoregulatory control. Users were required to input local rates of metabolism, blood 
flow and sweat production into the model. One of the first active thennoregulatory 
models was the three-segment model of Stolwijk and Hardy (1966a) (figure 3.5). 
Temperature signals from the model's skin and head core are integrated and interpreted 
by an active system in order to determine the appropriate type and magnitude of 
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thermoregulatory response (shivering, sweating, vasomotor action) for the passive 
system of the model. The model was later separated into six anatomical segments, and 
local skin temperature affects were taken into account for the control of sweating 
(Stolwijk, 1971, Stolwijk and Hardy, 1977). The elaborate nature of this model's 
controlling mechanism has received a large amount of attention over the years, such that 
many of the models developed since (see table 3.1), including the LUT25-node model, 
are based on the six segment model ofStolwijk and Hardy (1977). 
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Figure 3.5 
Stolwijk and Hardy's three segment model of human thermoregulation. 
From Stolwijkand Hardy (J966a). 
Continued development of the Wissler (I985) model has resulted in the creation of a 
comprehensive human thermal simulation possessing a detailed cardiovascular system 
and a capability to predict maximum rates of cardiac output and glycogen depletion for 
use in the model's thermoregulatory control. However,Wissler (I985) does comment 
that a major limitation of the model is its inability to account for asymmetric heat loads: 
either through the spatial imposition of an external thermal stress or through internal 
heat generation. Kuznetz (1979) was probably the first to tackle this limitation of 
mathematical models, developing a 10 cylindrical segment model considering heat flow 
in both radial and angular directions: a two dimensional thermoregulatory model (figure 
3.6). Each segment of the model has four tissue layers, which are characterised by nine 
concentric thermal shells and four angular thermal quadrants for the determination of 
temperature profiles within the segments. The model was used in the Space Shuttle 
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Program to investigate radial variations m space suit surface temperatures during 
extravehicular activity. 
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Seclion A-A Figure 3.6 
The two dimensional model of Kuznetz (1979) showing A: the model's geometrical 
structure and B: a typical cross section of the model's anatomical segments. 
All the rational models presented so far assume the form of the human body can be 
represented by a single or series of simple geometric segments. Each segment further 
consists of concentric tissue layers with homogeneous thermal properties (lumped 
parameter models) with either one or two-dimensional heat flow. Werner however 
(Wemer and Buse, 1988, Werner et aI, 1989), has created a model which considers the 
body's true form and distributed tissue properties (a distributed thermal model). 
Furthermore, it was probably the first to consider heat flow in three-dimensions. 
Although other three-dimensional models of human thermoregulation have been 
developed (Smith, 1991, Fu, 1995) these still assume a simple geometric form for the 
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human body. 
To capture the detailed structure and shape of the human body, the passive fonn of 
Wemer's model is created from 400 000 data points or temperature nodes. With this 
infonnation, the model is capable of predicting detailed transient and steady-state 
temperature profiles throughout the human body, estimating values that cannot be 
obtained experimentally. Such results can be used in medical applications for assessing 
the impact of disease, accidents, or medical treatments on the human thennal response. 
3.5 Rational mathematical model comparisons 
Currently, Wemer's distributed model of human thennoregulation IS the most 
sophisticated in its description of the body's true morphology, and is probably the most 
versatile and adaptable for practical use. Intuitively then, it might be considered that a 
complex model such as this might be appropriate for all working roles. However, there 
are a number of penalties that arise as model complexity increases. These may be 
summarised as follows: 
I the detail and complexity of the equations and computer code can extend 
development times and the introduction of new features to the model; 
11 the increased detail and complexity of the computer code for the model 
increases computer-processing time; 
III introducing models onto large mainframe computers to reduce computer 
processmg time will make them less accessible, so reducing their 
usability; 
IV the detail of the results may far surpass the general requirements of the 
user and could lead to confusion and the model not being used; 
v a 'fake' preCISIOn may arise, where the accuracy of the model's 
predictions is reduced (this point is illustrated in chapter 9). 
39 
The intention of this study was to develop a rational mathematical model for the Applied 
physiology department at CHS. Their requirements are for a model to support and 
expand on experimental measures performed in experimental trials, which is easy and 
quick to operate and developments to the model can be implemented quickly and 
efficiently. Many of the models discussed have a complexity which surpasses the needs 
and requirements of the physiology department (eg Wissler and Werner), in addition to 
those limitations listed above. The single segment models do provide a much simpler 
alternative. However, these models generally only provide a limited number of 
predictions (eg average internal body temperature and mean skin temperature), where 
this amount of information may be insufficient. This situation for example could occur 
during cold exposures, where there might be a need to predict the skin temperatures of 
the hands and feet in order to assess if there is the possibility of cold tissue damage 
(frostbite). 
Considering the relative merits and limitations associated with model complexity there 
is no reason to support the development of any other model than the LUT25-node model 
for use in the Applied Physiology Department at CHS. The basis for this decision is also 
supported by the fact that the model is currently available in the departm~nt and 
expected users of the model are already familiar with its predictions and structure. 
Furthermore, the detailed validation of the model's predictions by Haslam (1989) and 
Haslam and Parsons (1989,94) confirms the predictive capabilities and development 
potential for the model. 
3.6 Concluding remarks 
The fundamental types and variety of available mathematical models of human 
thermoregulation have been reviewed in this chapter. Based on an understanding of the 
complexity of models that are presently available and on the needs of the personnel at 
the Applied Physiology Department of CHS, it was decided that the LUT25-node model 
of human thermoregulation should be developed over other available models. To 
determine possible ways in which to develop the LUT25-node model, a detailed 
discussion of the model and its present limitations are presented in chapter 4. 
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CHAPTER 4 
The LUT25-node model of human thermoregulation 
4 The LUT25-node model of human thermoregulation 
This chapter provides a comprehensive account of the LUT25-node model's structure 
prior to this investigation. In addition, the limitations of the model are discussed, while 
those addressed in this study are identified and the reasons for their choice defined. 
4.1 The LUT25-node model 
The LUT25-node model (Haslam, 1989, Haslam and Parsons, 1989,94) evolved from 
the 25-node model of Stolwijk and Hardy (Stolwijk, 1971,80, Stolwijk et ai, 1973, 
Stolwijk and Hardy, 1977). Like the original 25-node model, the LUT25-node model is 
a simple lumped parameter simulation, considering the human thermoregulatory system 
to consist of two distinguishable parts - a passive and an active system. The passive 
system represents the physical and thermal characteristics of the human body, while the 
active system provides thermoregulatory control to mimic the thermal physiological 
responses of shivering, sweating and vasomotor action. Improvements made to the 25-
node to produce the LUT25-node model, included the introduction of a clothing model 
as previously the 25-node model could only predict the thermal responses of nude 
subjects, and the predicted dry heat exchange of the model with the environment was 
enhanced to account for environments in which mean radiant temperature differs from 
air temperature. 
4.1.1 The passive system ofthe LUT25-node model 
The LUT25-node model simulates what Stolwijk and Hardy (1977) considered was a 
'standard-sized' man, having a height of 1.72 m, a mass of 74.4 kg and a surface area of 
1.89 m2• To alleviate the mathematical complexity of the irregular human form, the 
passive system of the model is modelled as six regular geometrical segments. Figure 4.1 
illustrates the ideal form of this system. The head is a sphere, while the trunk and each 
pair of arms, hands, legs and feet are cylinders. Each segment is divided into four 
concentric tissue layers or compartments (core, muscle, fat and skin), all having 
homogeneous properties. These tissue layers possess one temperature node, such that the 
thermal profile through any body segment of the model is defined by four temperature 
nodes. Basal metabolic heat is generated in each tissue compartment, and is increased in 
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the muscle layers to simulate exercise and shivering in the cold. Adjacent tissue layers 
exchange heat by conduction, which occurs in the radial direction only (a one-
dimensional thermal model). 
I~A • "ID section A-A 
core 
muscle 
skin 
Figure 4.1 
The passive system of the LUT25-node model. 
The 25th compartment of the LUT25-node model represents the volume of blood held 
within the major blood vessels of the body. This distributes blood to the remaining 
compartments, exchanging convective heat with each. The magnitude of the heat 
exchange is dependent on the rate of blood flow, and on the temperature difference 
between the central blood compartment and that of the tissue compartments it exchanges 
blood with. Counter-current heat exchange between large arteries and veins is neglected 
in the model. However, blood flow to the skin compartments varies with vasomotor 
action, while muscle blood flow increases with metabolic heat production due to 
shivering and exercise. 
Between the passive system (figure 4.1) and the thermal environment, heat is exchanged 
by the processes of convection, radiation and evaporation. The equations describing 
these processes are based on a standing man in an air environment at standard 
atmospheric pressure. The maximum evaporation from each skin compartment is 
regulated by the partial vapour pressure at the skin and environment, and by the 
evaporative resistance of the air and clothing worn. Along with convection, the 
magnitude of evaporative heat exchange is directly influenced by the environmental air 
42 
speed, while all heat transfer processes at the skin surface are assumed to act unifonnly 
over the surface area of the six skin compartments. 
In addition to the heat exchange between the skin and the environment, the model allows 
for respiratory evaporative heat loss in its predictions. The heat balance of the trunk core 
compartment includes a constant basal respiratory heat loss and the heat balance of the 
central blood compartment has a variable respiratory heat loss dependent on exercise 
metabolic heat production. This accounts for increases in ventilation rate with exercise. 
4.1.2 The active system ofthe LUT25-node model 
The active system controls the thennoregulatory responses of the passive system. This 
thennoregulatory control is based on a 'set·point' theory of human thennoregulation (see 
section 2.3). The active system continuously monitors temperature changes in the head 
core and skin compartments of the LUT25-node model, comparing these values with 
'set-point' temperatures for each compartment. The 'set-point' temperatures represent a 
thennally neutral condition for the model, in which thermoregulatory responses are 
inactive. 
As compartment temperatures deviate from their 'set-point' values, differences between 
the temperatures yield warm or cold afferent signals. The afferent signals originating 
from the skin compartments are weighted according to the fraction of thermal receptors 
nonnally found in each skin region, providing an overall peripheral afferent signal. The 
core and peripheral afferent signals are then utilised by the active system to.decide upon 
the type and magnitude of thermoregulatory control required to combat the deviation of 
the compartment temperatures from their 'set-point' values. Efferent signals are 
generated, establishing the magnitude of the overall thermoregulatory response for the 
model. These responses are then distributed amongst the appropriate tissue 
compartments. The sweating response for each segment is further regulated by the local 
skin compartment temperature. 
4.1.3 The LUT25-node clothing model 
The clothing model (Haslam and Parsons, 1988, Haslam, 1989) added to the LUT25-
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node model, assumes the thennal properties of clothing are distributed evenly over the 
skin surface area. As in reality, the clothing model restricts the dry and evaporative heat 
exchange between the skin surface and the environment. However, to simplify the true 
dynamic, thennal and vapour properties of clothing, as expressed in section 2.2.5, the 
clothing model is characterised by two independent lumped parameters: the intrinsic 
clothing insulation (Id) and the intrinsic clothing vapour resistance (Iec'), as illustrated in 
figure 4.2. I.:, encompasses the total thennal resistance to the exchange of conductive, 
convective and radiative· heat between the skin surface and the outer surface of the 
clothing. Equally, I.c, represents the resistance to latent heat exchange between the skin 
and the outer surface of the clothing. 
environment 
le ( ) 
fvaporation} 
Figure 4.2 
The LUT25-node models two-parameter clothing model. 
With the addition of clothing, the total thennal insulation and vapour resistance 
surrounding the LUT25-node thennoregulatory model is equal to that offered by the 
clothing and that provided by the surrounding air, where: 
(4.1) 
and, 
(4.2) 
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Where: 
IT 
1.:1 
la 
£;'1 
1.T 
Ieel 
1. 
= total insulation to dry heat transfer (m2.oC.WI); 
= intrinsic clothing insulation (m2.°C.W\ 
= dry insulation of the air boundary layer (m2.oC.WI); 
= clothing area factor (ND); 
= total resistance to evaporative heat transfer (m2.kPa.WI); 
= intrinsic clothing vapour resistance (m2.kPa.WI); 
= vapour resistance of the air boundary layer (m2.kPa.WI). 
r. and 1. are respectively equal to the reciprocals of he + h,. and he (see sections 2.2.2 and 
2.2.4). 
As the outer surface area of clothing is larger than that of the skin surface, this 
effectively reduces the thermal and vapour resistance of the environment. Consequently, 
r. and 1. in equations 4.1 and 4.2 are divided by a clothing area factor (£':1), which is 
equal to the clothed surface area of the body divided by its nude surface area. 
Users of the LUT25-node model defme the vapour properties of clothing with the 
Woodcock permeability index (iml (Woodcock, 1961,62a,b). This is related to Iecl 
according to the relationship: 
I -~-~ 
"'-LR· f. 
.lm cl 
Where: 
LR = Lewis relationship (K..kPa·\ 
4.2 Limitations of the LUT25-node model 
(4.3) 
The limitations of computer-based thermoregulatory models are generally associated 
with one or more of the following; the user interface, the mathematical model, the 
model's numerical method and the capabilities of the model. 
Interface limitations concern the problems associated with the interaction of the user 
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with the model. These limitations, although important in application, are usually 
superficial and have no impact on the accuracy of the model's predictions. Work is being 
conducted to enhance this aspect of the LUT25-node model and will not receive any 
further attention here (Withey and Wadsworth, 1997). 
Limitations in the mathematical model concern the accuracy with which the features of 
the model relate to reality, such as the physical structure, thermal properties, diffusive 
and convective processes from and within the human body, in addition to those defining 
the thermal interaction of the body with the environment. The numerical method is the 
manipulative process used to solve .the implications of the model's mathematical 
description. As the numerical method processes the mathematical model to produce a 
mathematical solution, inaccuracies in either of these aspects of the model can 
compromise the accuracy of the other. Consequently, there exists an inter-dependence 
between the mathematical model and the numerical method to produce an accurate 
solution. Haslam (1989) and Haslam and Parsons (1989,94) indirectly investigated the 
limitations in the mathematical description and numerical method of the LUT25-node 
model through their comprehensive validation of its predictions. This demonstrated that 
the LUT25-node model produces accurate predictions in warm to hot environmental 
conditions, but not in the cold. This limitation of the LUT25-node model is investigated 
in chapter 9. 
Limitations in the capabilities of a model concern the variables the model does not 
consider in its predictions. For instance, a thermoregulatory model may only account for 
exposures to air at standard atmospheric pressure, where immersion in water or 
alterations in barometric pressure can influence the body's thermal responses, or it may 
not consider the impact of clothing, body size, hydration state or gender on the human 
thermal response. 
From the published literature, it is evident that the majority of human thennoregulatory 
model development has concentrated on the limitations of the mathematical model and 
numerical method in attempts to increase the accuracy of model predictions, or 
concentrated on developing models with one specific capability. The model of Wissler 
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(1985) for instance, has a sophisticated blood network to consider detailed convective 
heat flows within the body. Wemer (Wemer and Buse, 1988, Wemer et ai, 1989) 
concentrated on developing the physical structure and thermal properties of his model's 
passive system to predict detailed temperature profiles through the body, while 
Montgomery (1974), Richardson (1988b) and Tikuisis et al (1988) developed 
thermoregulatory models specifically for predicting the thermal responses of water 
immersed subjects. Few investigators have attempted to advance the practical-
capabilities of thermal models to produce a general-purpose thermoregulatory system. 
Examples of those who have include Konz (1979) and Konz et al (1977), who 
developed the 25-node model of Stolwijk (1971) and Stolwijk and Hardy (1977) (see 
table 3.1), while the empirical model of Givoni and Goldman (1972,73a,b) has been 
advanced to consider the state of heat acclimation, physical fitness, gender and state of 
hydration on the human thermal response. 
To create an accurate, multipurpose themoregulatory model it is necessary to address all 
limitations associated with it. Although the LUT25-node model possesses limitations in 
all of the areas outlined above, this study concentrated on those relating to its 
capabilities. This decision was based on the fact that limitations in the model's user 
interface are currently under investigation and development, while the limitations of the 
model's mathematical model and numerical method have essentially been tested by 
Haslam (1989) and Haslam and Parsons (1989,94) and is dealt with in chapter 9 of this 
thesis. Furthermore, focusing on the limitations in the capabilities of the LUT25-node 
model also provided the greatest scope for increasing the user versatility of the model. 
To establish which limitations in the capabilities of the LUT25-node model should be 
addressed, a review of these was made, concentrating particularly on those of most 
interest to personnel within the applied physiology department at CHS. 
4.2.1 Anthropometry 
The LUT25-node model only considers the thermal responses of a 'standard' sized man, 
possessing a body composition of 5 % skin, 15 % fat, 43 % muscle, and 37 % core, 
consisting of skeletal, connective and visceral tissue. However, body size and 
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composition influence the physical processes of heat generation and transfer within and 
between the human body and the~thermal environment. Havenith (1985) noted that body 
surface area, mass and composition (body fat content) are the important anthropometric 
variables ~influencing the human thermal response. Dry and evaporative heat exchange 
with the thermal environment is dependent on body surface area, while mass and body 
composition characterise an individual's thermal inertia (density and heat capacity), 
metabolic heat production, thermal insulation (thermal conductance) and load carriage 
during exercise. 
With respect to body composition, fat is the most variable of the body tissues between 
individuals (Jones and 1ourie, 1981); from a minimum of about 4 % of body weight 
(Jones and 1ourie, 1981), to values above 30 % regularly reported in the published 
literature (Tochihara et ai, 1984, Bar-Or et ai, 1969, Haymes et ai, 1975, Wagner and 
Horvath, 1985). In addition, it has a substantially lower thermal conductivity and 
specific heat capacity than any of the body's other tissues (Bar-Or et ai, 1969, Haymes et 
ai, 1975). Fat deposits also alter body contours, such that the surface area to mass ratio 
of obese individuals is lower than that for lean (Bar-Or et ai, 1969). All these factors 
increase the insulative capacity of the human body, such that subjects with a higher fat 
content will commonly demonstrate a lower thermal stress in the cold (Wyndham and 
1oots, 1969, Petrofsky and Lind, 1969), and a higher thermal stress in the heat (Bar-Or 
et ai, 1969, Haymes et ai, 1975), when compared with subjects possessing a lower fat 
content. 
Consequently, the LUT25-node model is unable to predict the possible range of thermal 
responses for a group of subjects, where this could be important in determining potential 
survival times for individuals stranded in harsh environments. Furthermore, it is unable 
to predict individual clothing or water requirements, or tolerance limits for military 
personnel on manoeuvres or workers in civilian occupations, where such information 
could establish both working and experimental protocols. 
4.2.2 Heat acclimation 
Heat acclimated subjects demonstrate a lower thermal strain and greater resilience when 
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working in the heat compared with unacclimated ones. A subtle variation on heat 
acclimation is heat acclimatization. Both processes result in subjects having a reduced 
thermal strain in hot environments, but the method of producing the physiological 
adaptations is different in each case. Heat acclimation is the forced physiological change 
aroused in experimental subjects repeatedly exposed to hot stressful laboratory 
conditions. Alternatively, heat acclimatization refers to the physiological changes that 
occur with prolonged exposure to a thermally elevated natural climate. The 
physiological changes aroused in subjects are similar for each process (Fox, 1974). 
However, heat acclimatization is accompanied by behavioural changes, which in 
addition to the physiological adaptations, help to reduce heat strain and so heat 
exhaustion. 
There are a number of physiological adaptations associated with heat acclimation (eg 
haematocrit and haemoglobin concentrations reduce, while blood and plasma volumes 
increase (Harrison et ai, 1981, Senay et ai, 1976». Those directly influencing the human 
thermal response are, a drop in resting core temperature, the onset of sweating at a lower 
core temperature, an increased sensitivity to sweating with rise in core temperature, the 
onset of vasodilation at a lower internal body temperature, and a decrease in metabolism 
during exercise. Because of these physiological adaptations, acclimated subjects 
demonstrate a lower thermal response than unacclimated ones when working in the heat. 
The typical differences observed are, a lower core temperature response, a decrease in 
the mean skin temperature response, a decreased heart rate response and a greater 
durability to withstand heat strain (Kerslake, 1972, Candas et ai, 1979a). 
The LUT25-node model only predicts the thermal responses of unacclimated male 
subjects. However, there are obvious incentives for heat acclimating individuals who are 
required to work in hot stressful environments, as in the mining industry (pandolf et ai, 
1986). Hence, the practical benefits in modifying the LUT25-node model to consider 
this physiological adaptation is that it could be used to assess safe working environments 
for acclimated subjects and the increased tolerance heat acclimated subjects have over 
unacclimated ones when working in the heat. It could be used to assess the practical and 
operational importance of heat acclimation in reducing heat strain casualties and thereby 
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maintain the health and performance of military personnel and units during field 
operations. 
4.2.3 Gender 
The physical and thermal characteristics of the LUT25-node model are based on those of 
a 'standard' man. However, there exist both physical and physiological differences that 
influence the thermal responses of males and females. Physically, females on average 
possess a smaller body mass, a larger percentage of body fat, a smaller blood volume, 
larger surface area to mass ratio and a relatively larger volume of peripheral tissue than 
males (Burse, 1979, Havenith, 1985). Physiologically, females generally have a lower 
maximal oxygen uptake (lower physical fitness), a higher sweating, shivering, and 
vasodilatory threshold, and a lower sweating capacity and peripheral (cutaneous) blood 
flow than males (Astrand, 1960, Bittel and Henane, 1975, Fox et al 1969, Haslag and 
Hertzman, 1965, Cunningham et aI, 1978, Frye et aI, 1982, Frye and Kamon, 1981, 
Shoenfeld et aI, 1978, Burse, 1979). Consequently, in comparison with males, females 
commonly have a lower skin temperature response during cold exposures (Cunningham 
et aI, 1978, Wagner and Horvath, 1985). Alternatively, in hot dry conditions they have a . 
higher core temperature, skin temperature and heart rate response (Cunninghain et aI, 
1978, Frye et aI, 1982, Frye and Kamon, 1981, Shapiro et aI, 1980, Bittel and Henane, 
1975, Shoenfeld et aI, 1978, Avellini et aI, 1980b), while in hot humid conditions, when 
evaporative heat loss from the body is reduced, females on average demonstrate a lower 
core temperature, skin temperature, heart rate and sweating response than males 
(Shapiro et aI, 1980, Paolone et aI, 1978, Avellini et aI, 1980a). The lower sweating 
response of females is attributed to the more rapid development of sweat suppression 
(hidromeiosis), which is related to skin wettedness (Shapiro et aI, 1980, Candas et aI, 
1982). 
Some studies have failed to observe any significant difference in the thermal and 
physiological responses of males and females (Frye et aI, 1982, Frye and Kamon, 1981, 
Haslag and Hertzman, 1965, Anderson et aI, 1994, Shoenfeld et aI, 1978, Bittel and 
Henane, 1975). Furthermore, when investigators have matched the aerobic capacity and 
surface area to weight ratio of male and female subjects and then acclimated them to hot 
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dry (Frye et ai, 1982, Frye and Kamon, 1981) and hot humid conditions (Avellini et ai, 
1980a), previously observed differences in the thennal responses of males and females 
have reduced, with the exception in the humid heat where males still demonstrate a 
higher sweating response. This suggests that the important parameters influencing the 
thennal responses between males and females relate to their physical and physiological 
differences rather than on any fundamental genetic differences between them. Any 
differences in the thermal responses of males and females may therefore be adequately 
predicted by a model considering the anthropometric and aerobic capacity of the two 
groups. 
4.2.4 Dehydration 
The human body loses moisture at the skin surface through the processes of sweating 
and vapour diffusion, and by respiration. Without fluid replacement, the loss of body 
fluid disrupts the body's electrolyte balance and fluid volume (Havenith, 1985). 
Compared with euhydrated subjects, dehydrated individuals typically demonstrate a 
higher resting and core temperature response, a higher heart rate, sweating and. 
vasodilatory threshold, and a lower stroke volume, sweating response, and peripheral 
blood flow (Nadel et ai, 1980, Fortney et ai, 1981, Montain and Coyle, 1992, Sawka et 
ai, 1985, Montain et ai, 1995, Nielsen, 1974a, Ekblom et ai, 1970). Alternatively, 
Fortney et al (1981) and Havenith (1985) demonstrate that hypervolernia can reduce the 
core temperature response, while Nadel et al (1980) further shows that it can lower the 
vasodilatory threshold and resting core temperature. Fortney et ai, (1981) also observed 
an inverse relationship between the skin temperature response of their subjects and their 
state of volemia, though Montain and Coyle (1992) and Ekblom et al (1970) failed to 
observe any differences in the skin temperature responses between their eu- and 
dehydrated sUbjects. 
Interestingly, Sawka et al (1983b) and Sawka and Montain (1996) discovered that 
dehydration negates the thennal physiological benefits offered by heat acclimation, 
observing similar thennal responses in 5 % hypohydrated acclimated and unacclimated 
subjects, though the acclimated subjects still possessed a reduced cardiovascular strain. 
However, on exposure to a comfortable environment of 20°C air temperature and 40 % 
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relative humidity, while exercising on a level treadmill operating at 1.34 m.s· l , the 
thermal and cardiovascular strain of acclimated hypohydrated subjects were lower than 
those of unacclimated sUbjects. Work has also shown that hypohydration reduces 
tolerance times to hot exposures and the maximum core temperature rise that can be 
tolerated (Sawka et ai, 1992). 
Although the impact of dehydration on the human thermal and physiological responses 
are well understood, it is uncertain if either or both body fluid volume or fluid 
osmolality are the factors influencing the different responses in hydrated subjects. 
Fortney et al (1981) and Nadel et al (1980) observed the same differences in the thermal 
responses of diuretically induced dehydrated subjects. However, Nielsen (I 974b ) 
investigated the impact of drinking hypertonic solutions of Na + and Ca ++ on the human 
thermoregulatory response. In comparison to normal subjects, those individuals 
consuming the Na + solution had a lower sweating rate, while the Ca <+ subjects had a 
greater sweating response. Consequently, the subjects consuming the Na+ solution had a 
higher core and skin temperature than normal subjects, while the Ca ++ individuals had a 
lower core and skin temperature response for an exercise exposure. The conclusion from 
the work was that the concentration of specific ions rather than plasma osmolality is the 
important influence on the human thermoregulatory response. 
Irrespective of the mechanism that causes hypohydrated subjects to demonstrate a 
different thermal response from those who are not, the LUT25-node model only predicts 
the thermal responses of subjects maintained at a fully-hydrated state. There would be 
benefits in the model allowing for hydration state in its predictions. This may relate to 
predicted survival times for victims stranded in hot climates, or the thermal strain 
experienced by military personnel on exercise. It could be applied to assess subjects 
during experimental trials, or the design of working and experimental protocols to 
reduce dehydration and so thermal strain. 
4.2.5 Clothing 
An essential application of human thermoregulatory models is to assess the impact 
clothing has on the human thermal response. In this role, thermoregulatory models can 
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be used to investigate the affect new clothing designs have on the wearers thermal 
response, or decide upon appropriate clothing for a specific working environment. The 
LUT25-node model's two-parameter clothing model has many limitations associated 
with it. These are discussed by Lotens and Lind (\983), Haslam and Parsons (\988), and 
Haslam (\989). Reducing these limitations would enhance the ability of the model to 
assess the benefits or restrictions a clothing ensemble has on the wearers thermal 
response. 
One of the main assumptions of the clothing model is that all heat exchanges with the 
thermal environment occur on the outer surface of the clothing, but the heat is 
transferred directly between the environment and the skin surface. This assumes that 
clothing has no thermal inertia It is accepted that this clothing description is adequate 
for conditions of thermal equilibrium, but insufficient for considering dynamic thermal 
responses (Lotens and Lind, 1983). 
The insulation and vapour resistance of clothing is regularly measured on standing 
thermal manikins, which are unable to reflect the true thermal insulation and vapour 
resistance of clothing on the wearer. Postural changes, the wearers activity, and 
environmental air movement can displace trapped air within clothing affecting its 
thermal and vapour properties. Additionally, manikins cannot allow for the fit or style in 
which the clothing will be worn by the user, which also influences its thennal insulation 
and vapour resistance (Havenith et ai, I 990a,b ). Similarly, all these factors are not 
considered by the LUT25-node model's clothing model. 
In the LUT25-node model the dry and vapour properties of clothing are modelled as two 
independent lumped parameters. However, when clothing absorbs moisture this 
displaces trapped air reducing clothing thermal insulation. Also, moisture absorbed by 
clothing fibres (regain) and water vapour condensing in clothing, heat the clothing, 
reducing the temperature gradient and so heat flow between the skin surface and 
clothing. Alternatively, moisture evaporating from clothing re-establishes the clothing 
thermal insulation and reduces its temperature, so increasing the dry heat flow from 
body to clothing. 
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Probably the most fundamental limitations of the clothing model, are that the thermal 
insulation and vapoUr resistance of the clothing is applied evenly across the total surface 
area of the body and that it is incapable of combining the thermal insulation and vapour 
resistance of a number of individual clothing garments or ensembles. The assumption 
that the thermal insulation and vapour resistance of the clothing model is distributed 
evenly over the surface area of the body stems from the technique used to measure 
clothing insulation (the fully-heated manikin method) (Neale et ai, 1996b). 
In practice, it is common for clothing not to cover the head or hands, for the trunk to be 
more insulated with clothing than the limbs, and for certain garments covering only a 
small fraction of the body to be completely impermeable to water vapour transfer (eg 
armoured vests). The importance the distribution of clothing thermal insulation has on 
the wearer was investigated by Nielsen and Nielsen (1984). They observed that when 
subjects exercised and rested in a cool environment wearing an ensemble with insulation 
concentrated either on the trunk or limbs, those wearing insulation concentrated on the 
trunk demonstrated a higher core temperature response than those with insulation 
concentrated on the limbs, while local skin temperature responses were considerably 
higher in the regions of the body which were highly insulated. 
Input to the clothing model consists of single measures of a clothing ensemble's thermal 
properties performed on manikins. This restricts the versatility of the clothing model, as 
it does not allow the option of removing or adding clothing garments to a clothing 
ensemble in order to optimise clothing designs to a desired thermal response. Numerous 
regression formulae have been devised to estimate the total insulation and vapour 
resistance of clothing ensembles based on information relating to individual clothing 
garments. Sprague and Munson (1974), ASHRAE (1993), Olesen (1985) and ISO 9920 
(1995) present regression equations summing individual garment clo values to 
determine the total thermal insulation of a clothing ensemble, while McCullough et al 
(1983a) and Olesen (1985) provide regression equations for estimating clothing 
insulation from clothing weight and McCullough et af (1983a) a further regression 
equation for estimating clothing insulation from the surface area of the body covered by 
clothing. It is possible to use results from such equations in the LUT25-node clothing 
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model, but these only provide a single value specific to the whole surface area of the 
body and are unable to consider the impact that distributing the thermal and vapour 
properties of clothing has on the human thermal response. 
Finally, clothing also has an indirect bearing on the wearers thermal response. Its weight 
and the resistance it places on the wearers manoeuvrability can increase metabolic heat 
production (Lotens, unknown). This is an additional point not considered by the clothing 
model of the LUT25-node model. 
4.2.6 Exercise 
The LUT25-node model only considers the thermal responses of subjects exercising on 
a cycle ergometer; apportioning 60 % of the exercise generated metabolic heat to the leg 
muscle, 30 % to the muscle compartment of the trunk, 8 % to the muscles of the arms 
and 1 % to the muscle compartments of the hands and feet. 
In experifllental trials and working life, it is common for people to perform exercise 
other than that on a cycle-ergometer. For instance, experimental subjects are commonly 
required to walk or run on tn:admills, perform step tests or upper body exercise (arm 
cranking). Similarly, military personnel perform a varied array of strenuous tasks, which 
can hardly be represented by exercise on a cycle ergometer. As different types of 
exercise involve varying muscle groups, the distribution of metabolic heat will also 
change. This could influence the thermal response of subjects and predictions from the 
LUT25-node model. 
Sawka et ai, (1984) investigated the impact of exercise type on the human thermal 
response, but observed no differences in the core temperature responses of subjects 
performing cycle-ergometer and arm cranking exercise at the same absolute exercise 
intensity. However, they did find that the mean skin temperature responses of the arm 
cranking subjects was lower than that of those performing cycle ergometer work, which 
was due mainly to a higher calf skin temperature response during the cycle-ergometer 
work. This information could be important for developing cooling methods or 
equipment for exercising subjects. 
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Sawka et al (1984) concluded that human thel1TIal responses are dependent on the 
absolute work intensity and not on the location of the metabolic heat production. 
However, this conclusion neglects how other factors associated with exercise type 
influence differences in the human thel1TIal response. For instance, the posture of a 
person changes between walking and cycling, which influences their convective and 
radiative heat exchange with the environment, in addition to the insulation of any 
clothing that is worn. Furth=ore, free walking individuals experience an increased 
effective air speed compared with subjects walking on treadmills, due to the gross 
displacement of the body with the environment. This affects both the convective and 
evaporative heat exchanges between the body and the environment. Brown and Banister 
(1985) observed that subjects exercising in simulated outdoor conditions (with fans and 
sun lamps) demonstrated a lower thel1TIal stress than subjects who exercised in similar 
conditions without fans and sun lamps. Consequently, in addition to the distribution of 
metabolic heat, there are other dependent factors influencing subject thennal responses 
with exercise type. These should also be considered when altering the model to simulate 
different types of exercise. . .... 
4.2.7 Posture 
The LUT25-node model maintains a standing position. This posture is charactelised by 
the radiative area factor of the model, and by its dry and evaporative heat transfer 
coefficients. However, both military and civilian personnel encounter many situations 
where their posture and orientation will influence their radiative area and heat transfer 
coefficients. Many of these alterations are associated with the type of exercise being 
perfol1TIed (as noted in section 4.2.6) and so the benefits of developing the model's 
posture will be similar to those if the exercise type of the model were enhanced. 
One additional aspect associated with posture is that the model neglects conductive heat 
transfer between the human body and the environment. Usually, and especially for a 
standing individual, heat transfer with the environment via conduction is limited, which 
explains why this fOI1TI of heat transfer in the model is neglected. However, what should 
be considered in the calculations perfol1TIed by the model is the reduction in the area of 
the body available for environmental heat exchange via the other fOl1TIs of heat transfer 
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as posture alters. The consequences of neglecting this point could be significant iflarge 
areas of the body are in contact with a solid surface, such as when lying down or seated. 
This would be highly applicable when modelling the thermal responses of military 
personnel in armoured vehicles or aircraft. 
4.3 Modifications to the LUT25-node model 
In addition to the limitations of the LUT25-node model's capabilities presented above, 
there are numerous others which could be considered: its inability to account for an 
individuals physical fitness, complex environments (eg asymmetric heat loads) or hypo-
hyperbaric and water environments. However, it was beyond the remit of this study to 
investigate and resolve all of the limitations associated with the LUT25-node model's 
capabilities. 
The desired modifications to the LUT25-node model should include those that would 
have the greatest impact on its predictions. However, from the list of potential 
improvements it was uncertain which ones· should be addressed .. In a review of 
individual parameters affecting thermal response, which looked at acclimation, physical 
fitness, anthropometry, hydration state and gender, Havenith (I 985) considered that heat 
acclimation has the greatest influence on an individuals thermal response, followed by 
physical fitness, anthropometry, hydration state and gender. This prompted the decision 
to introduce the affect of heat acclimation and anthropometry into the predictions from 
the LUT25-node model. As Havenith (1985) points out, the physiological adaptations 
associated with heat acclimation are similar to those relating to physical fitness. In 
addition, as established in section 4.2.3, the differences in the thermal responses of 
males and females are mainly due to mean differences in their body size and physical 
fitness. Consequently, improving the model to consider anthropometry and acclimation 
state in its predictions will also enable it to make tentative estimates of the affect 
physical fitness and gender has on the human thermal response. 
In addition to altering the LUT25-node model to consider anthropometry and heat 
acclimation, its clothing model was adapted to consider the distribution and addition of 
clothing layers on the thermal and vapour properties of clothing ensembles. Clothing is a 
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common element regularly tested in experimental trials to assess its ability to protect or 
impose on the thermal response of the wearer and so is an important feature of the 
LUT25-node model's predictive capabilities. Hence, any improvement to develop the 
model's ability to simulate the thermal influence of clothing on the wearer would be 
beneficial. 
4.4 Concluding remarks 
The details and major limitations of the LUT25-node model of human thennoregulation 
have been highlighted in this chapter. Although only a few of the numerous limitations 
associated with the LUT25-node model are considered by this study there is still a 
benefit in highlighting as many of these as possible. Armed with this knowledge users 
unfamiliar with the functionality of the LUT25-node model can appreciate and 
interpolate its predictions with greater confidence. From the limitations of the 
thermoregulatory model reviewed, three were identified as areas of improvement to be 
dealt with by this study. These improvements to the LUT25-node model are presented in 
the next chapter. 
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CHAPTERS 
Modifications to the LUT2S-node model 
5 Modifications to the LUT25-node model 
Modifications were introduced to a version of the LUT25-node model progranuned in 
Microsoft FORTRAN (version 5.1). Prior to making these modifications, the computer 
code for the model was identical to that given by Haslam (! 989). The new listing of the 
program is contained in Appendix A. 
5.1 Anthropometric modifications to the LUT25-node model 
Various studies have investigated how the size and composition of the body influences 
the human thermal response. The general observation is that the relationship between the 
body's physical characteristics and its thermal response is dependent on the type of 
enviromnental conditions to which subjects are exposed and on the relative amount of 
exercise they perform. Lighter subjects with smaller body heat capacities tend to heat up 
quicker and maintain a higher thermal strain than heavier subjects, when both groups 
operate at the same absolute work rate (Havenith, 1995). 
On exposure to cold enviromnents, subjects with a higher percentage of body fat and 
lower surface area to mass ratio (AdM) experience lower skin temperature re~ponses 
and higher internal body temperatures than their leaner counterparts (Wyndham and 
Loots, 1969, Kollias et ai, 1974, Tochihara et ai, 1984, McArdle et ai, 1984, Strong et 
ai, 1985). Alternatively, on exposure to hot enviromnental conditions, there are 
conflicting reports on how body size and body fat influence the human thennal response. 
Shvartz et al (1973) investigated the impact of AdM on exposure to hot dry and hot 
humid conditions. During exposures to hot dry conditions, with air temperature held at 
50°C, an inverse but statistically insignificant relationship was observed between the 
rate of body heat storage and subject AdM. In hot humid conditions, in air temperatures 
between 30°C and 45 cC, they observed a significant inverse relationship between 
AdM and the rate of body heat storage, though the strength of this relationship 
diminished as air temperature increased. The conclusion drawn from the study was that 
in hot enviromnents, body size has no influence on heat tolerance. Similar conclusions 
were made by Katsuura (1984) and Wyndham et al (1964a,b). However, in all these 
studies there were poor controls on the metabolic heat production of their experimental 
SUbjects. This should be normalised with respect to body mass rather than body surface 
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area when investigating the influence of physical characteristics on the human thennal 
response. 
Piwonka et af (1965) exercised trained and untrained subjects with mean AdM of 0.028 
and 0.026 m2.kg·1 respectively, when exposed to environments with air temperatures of 
20°C and 40 °C at 25 % relative humidity. In both environments, the mean rectal and 
heart rate responses of the trained individuals were lower than those of the untrained 
subjects. These differences in thermal response were explained by differences in the 
AdM of the two groups, in addition to the relative levels of their physical fitness. 
Furthermore, Robinson (1942) observed an inverse relationship between the AdM and 
the thermal responses of two subjects with similar percentages of body fat when 
exercising at identical rates per unit body mass, in environments ranging between 30°C 
and 35 cC. Complementing these results and those of Shvartz et af (1973), Bar-Or et af 
(1969) and Haymes et af (1975) respectively observed that obese women and obese boys 
demonstrated a higher thermal stress than their leaner counterparts when exposed to hot 
dry conditions. However, this difference in the!l11a1 response reduced as air temperature 
increased. The authors identified several factors influencing their results: 1) large 
deposits of adipose tissue alter body contours, reducing AdM which influences the 
environmental heat exchange of the body; 2) adipose tissue has a lower specific heat 
than the body's fat-free mass; 3) insufficiencies in the cardiopulmonary system of obese 
SUbjects. In contrast, Bernstein et af (1956) comments that body composition has little 
impact on the human thermal response in the heat. 
In summary, the general conclusion on how body size influences the human thermal 
response, is that on exposure to hot environmental conditions, larger fatter subjects with 
lower AdM demonstrate a higher thermal stress than smaller slender subjects with 
higher AdM ratios. However, the differences in the thermal responses of these two 
groups diminish as the thermal stress of the environment increases. 
In addition to the obvious physical differences affecting the human thermal response 
(body mass, surface area and composition), there is evidence that other physiological 
parameters affecting thermal response also alter with body size and body fat. Basal 
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metabolic rate is understood to vary in direct proportion to body surface area (Guyton, 
1976, Bernstien et ai, 1956). This was investigated by Bernstien et al (1956), who 
observed a closer correlation between basal metabolic heat production and surface area, 
than between basal metabolic heat production and either body mass or active cell mass, 
in women of varying age and body composition. Intuition would suspect that basal 
blood flow to the active tissue must also vary with basal metabolic heat production, to 
supply the required oxygen. Changes in these basal values may also influence resting 
thermal responses, as many studies show variations in the resting responses of subjects. 
For instance, the results of Haymes et al (1975) show that at the beginning of their 
experimental exposures, obese subjects with low AdM had a higher rectal temperature 
than their leaner counterparts. These observations are also supported by the results from 
Bar-Or (1969). Furthermore, Strong et al (1985) has shown that for any given fall in 
rectal and skin temperature, thinner subjects produce a higher shivering response than 
fatter heavier experimental sUbjects. Their findings are supported by similar 
observations made by numerous other investigators (Hayward and Keatinge, 1981, 
Cannon and Keatinge, 1960, Kollias et aI, 1974, Smith and Hanna, 1975, Tochihara et 
ai, 1984, Wyndham and Loots, 1969, McArdle et ai, 1984). Consequently, when 
altering the physical characteristics of the LUT25-node model there is also a need to 
modify specific physiological parameters of the model. 
As discussed in section 4.1.1, the original LUT25-node model only predicts the thermal 
responses of a 'standard' sized man. The original computer program for the LUT25-node 
model established the physical and thermal properties of this 'standard' sized man by 
accessing a data-file (Appendix A) containing this information. Values in the data-file 
relating to the model's anthropometry are, the surface area of the body segments, the 
thermal conductance between its tissue layers, and the basal metabolic heat production, 
evaporation and blood flow of its compartments. These parameters of the model need to 
be altered, so it can predict the influence body size has on the human thermal response. 
However, the values of heat capacity and thermal conductance presented in the data-file 
encompass both the physical and thermal characteristics of the model, which 
complicates the process of making independent changes to these properties. Hence, prior 
to altering the model's code to account for variations in subject anthropometry, there was 
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an initial restructuring of the model's data-file. This was converted to a modular format 
to simplify the subsequent alterations to the model enabling it to predict the affect body 
size and composition has on the human thermal response. The process ofmodularisation 
involved replacing body segment surface areas, tissue compartment heat capacities and 
thermal conductances in the data-file, with radii, lengths, specific heat capacities and 
thermal conductivities for each tissue compartment of the LUT25-node model. These 
new values were then used to calculate those values they replaced in the data-file. Full 
details of these alterations are presented in Appendix B. 
5.1.1 Anthropometric LUT25-node model 
The model's body size and properties are defined by the surface area of its segments, the 
thermal conductance between its tissue layers, and the heat capacity of its compartments. 
Initially, several methods were considered for altering these parameters of the model. 
The first involved the development of an anthropometric database of body segment 
dimensions, weights and body compositions, from which .. users could select the body 
. size and composition of the model. Information for the database would derive from 
available anthropometric surveys. This would enable the model to provide' human 
thermal predictions on specific groups of the population. A second option was to allow 
the user to define the geometry, mass and composition of the model's individual body 
segments and adopt equations such as the linear formulae proposed by DuBois and 
DuBois (1915) to estimate the body surface area and composition of the model. The 
final option, which was chosen, was to prompt the user to enter the total height, mass 
and body composition (percentage body fat) of the individual for which they wish the 
model to make thermal physiological predictions. Changes are then made to all physical, 
thermal and thermoregulatory characteristics of the model, based on proportional 
changes in the model's physical characteristics from those of the model's 'standard' man, 
Several reasons favoured this latter method for altering the model's body size and 
composition over the others proposed: First, there is a relatively low amount of data 
input required from the user; second, the anthropometric measures required as input are 
relatively simple to perform; third, these measures of subject anthropometry are 
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regularly performed in experimental trials and are commonly presented with published 
experimental data. This latter benefit increases the possibility that model predictions can 
be compared with individual subject data presented in the published literature. The 
specific details of the anthropometric alterations introduced to the LUT25-node model 
are listed below. 
5.1.1.1 Surface area 
With the user inputs of height and mass, the model calculates its new total surface area 
according to the height-weight (mass) formula ofDuBois and DuBois (1916): 
AD = 0.202Mo.42S .Ho.m (5.1) 
Where: 
M = body mass (kg); 
H = body height (m) . 
. Other formulae are available for estimating body surface area, using height and weight 
(Gehan and George, 1970), combinations of other simple anthropometric measures, such 
as weight and upper calf circumference (Jones et ai, 1985), or from the single measure 
of weight (Meeh, 1879). However, even though the formula of Gehan and George 
(1970) and Jones et al (1985) account more accurately for the variance in body surface 
area, the DuBois and DuBois formula is used, due to the popularity of the formula to 
estimate surface area. For instance, it is commonly used to estimate subject surface areas 
for experimental trials (McArdle et ai, 1984, Hayward and Keatinge, 1981, Shvartz et ai, 
1973) and for determining alterations in the surface area ofaltemative models of human 
thermoregulation (Montgomery, 1974, Konz, 1979). Furthermore, height and weight are 
common anthropometric measures compared with upper calf circumference, as used in 
the predictive surface area formula of Jones et al (1985). 
In addition to calculating its new total surface area, the model also evaluates the total 
surface area of, its original 'standard' man and body segments, based on the radii and 
lengths presented in the programs data-file. These values are then used by the model to 
calculate the new surface areas of its individual body segments, where: 
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(5.2) 
Where: 
S(i) = surface area of body segment i (m2); 
Ss(i) = surface area of 'standard' body segment i (m2); 
As = total surface area of'standard' model (m2). 
Equation 5.2 assumes that the relative proportions of the model's body segments remains 
unchanged as its body size alters. 
5.1.1.2 Heat capacity 
The heat capacity of the model's individual tissue compartments is obtained by 
multiplying, the volume, density and specific heat capacity of the compartment 
(Appendix B). The densities and specific heat capacities of the compartments, are 
provided in the model's data-file (Appendix A). Alternatively, the volumes of the new 
tissue compartments are calculated by the model with the equations: 
for the model's fat compartments, and, 
mjJ 
v ff(i,j) = vSff(i,j}'-
m'ff 
for the model's fat-free compartments. 
Where: 
(5.3) 
(5.4) 
Vt(ij) = volume offat compartmentj in body segment i (m\ 
vst(ij) = 'standard' volume offat compartment j in body segment i (m\ 
mr = total fat mass of the model (kg); 
msr = total fat mass ofthe 'standard' model (kg); 
Vfl(ij) = volume of fat-free compartmentj in body segment i (m\ 
vsfl(ij) = volume offat-free compartment j in body segment i (m\ 
mff = total fat-free mass of the model (kg); 
m.ff = total fat-free mass of the 'standard' model (kg). 
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mr and m ff in equations 5.3 and 5.4 are calculated using the user inputs of body mass and 
percentage body fat for the model, with the relationships: 
and; 
F 
mf =M.-100 
Where: 
F = percentage body fat of the model (NO). 
(5.5) 
(5.6) 
The values Vsr, vsff, fisr and m,ff are calculated from the radii, lengths and densities of the 
model's compartments provided in its data-file. 
To confirm the accuracy of equations 5.3 and 5.4, the fat and fat-free masses of the 
model's compartments are re-calculated, using the results from equations 5.3 and 5.4 and 
the densities of the model's compartments. Comparing the sum of these calculations 
with the total fat and fat-free masses for the model calculated previously (equations 5.5 
and 5.6) the accuracy of equations 5.3 and 5.4 can be confirmed with the relationships: 
V f(i.j) = V f(iJ)· " 
L.. V f(l.j)· P I(i.j) (5.7) 
for the fat compartments, and: 
. m
ff 
v ff(i.j) = V ff(l.j)·" 
L.. V ff(i.j)· P I(i.j) (5.8) 
for the fat-free compartments. 
Where: 
P~ij) = tissue density (kg.m·3) 
5.1.1.3 Thermal conductance 
Having calculated the surface area of its body segments and the volumes of its tissue 
compartments, the model is able to determine the new radii and lengths of its 
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compartments, using the equations for the surface area and volume of a cylinder and a 
sphere presented in Appendix B. The radii and lengths of the model's compartments are 
then used to calculate the thermal conductance between adjacent tissue layers using the 
method presented in Appendix B. 
5.1.1.4 Basal metabolic heat production 
The total basal metabolic heat production for the LUT25-node model varies in direct 
proportion to the change in its surface area, where: 
BMR = BMR,. AD 
A, 
(5.9) 
With the new total basal metabolic heat production, the basal metabolic heat production 
for each compartment of the model is calculated. In these calculations, the relative 
change of the compartment volumes is taken into consideration with alterations in body 
composition. The relationship used to determine these values is: 
qb ( . . ).v( . . ) 
qb(i,j) = BMR. ' ',) ',) 
L: qb'(i,j) ,V(i,j) 
vS(i,j) 
vS(i,j) 
Where; 
(5.10) 
qb(ij) 
qbs(ij) 
= basal metabolic heat production of compartment j (W); 
= basal metabolic heat production of 'standard' compartment j 
(W). 
5.1.1.5 Basal blood flow 
With the exception of basal blood flow to the skin, basal blood flow to all the other 
tissue layers is varied in proportion to the change in the compartment's basal metabolic 
heat production from that of the 'standard' model, where: 
bfl. _ bfl. qb(i,j) 
'jV(i,j) - 'jUs(i,j) b 
q s(i,j) 
(5.11 ) 
Where; 
= basal blood flow to compartmentj (W.oC i ); bfb(ij) 
bfbs(ij) = basal blood flow to 'standard' compartment j (W.oC\ 
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Basal blood flow to the skin compartments is varied in proportion to alterations in the 
surface area of the model from that of the 'standard' model, according to: 
bl/-,(, ') = bl/-, (' ') An 
')u I,j 'JUs t,} A 
, 
5.1.1.6 Basal evaporation 
(5.12) 
The basal evaporative rate for each compartment of the model, including the basal 
respiratory heat loss from the model's trunk core, is varied in direct proportion to the 
change in the model's surface area from that of the 'standard' model, where: 
An 
eb(, ') = eb (' ') -I,j S I,j A (5,13) 
, 
Where; 
eb(ij) = basal evaporative rate of compartment j (W); 
ebs(ij) = basal evaporative rate of 'standard' compartment j (W). 
5.1.1.7 Convective heat transfer coefficients 
Section 2.2.2 established that the convective heat transfer coefficients vary with the flow 
pattern of the air around a body. Hence, as the size of the LUT25-node model's body 
segments vary, this should influence the magnitude of the heat transfer coefficients over 
the body segments. Comwell (1977) shows that the heat transfer coefficients of 
cylinders of different size are related by the root of their diameter. Consequently, the 
following relationship was used to alter the basal heat transfer coefficients for the 
LUT25-node model: 
Where; 
HCB 
HCBs 
R.(i) 
~i) 
(5.14) 
= basal convective heat transfer coefficient for body segment i 
(W .20C·I), .m. , 
= basal convective heat transfer coefficient for body segment i in 
'standard' model (W.m-2.oC-\ 
= outer radius of body segment i in 'standard' model (m); 
= outer radius of body segment i (m). 
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Changes in the basal convective heat transfer coefficients arouse automatic changes in 
the forced convective heat transfer coefficients. Furthermore, as the calculations of the 
evaporative heat transfer coefficients surrounding the model are based on values for the 
convective heat transfer coefficients, then the evaporative resistance surrounding the 
model is also altered. 
5.1.1.8 Sweating response 
Haymes et al (1975) discovered very little difference in the sweating response per unit 
surface area in lean and obese subjects. Based on this information, the sweating response 
of the LUT25-node model is altered in direct proportion to the change in its surface area 
from that of the 'standard' model, as given by: 
SWEAT = SWEAT,. An 
A, 
Where; 
SWEAT = total efferent sweating response (W); 
(5.15) 
SWEAT, = total efferent sweating response for the 'standard' model (W). 
5.1.1.9 Vasodilatory response 
In addition to Haymes et al (1975), Burse (1979) also suggests peripheral blood flow is 
proportional to body surface area. Hence, similar to the sweating response, the 
vasodilatory response of the LUT25-node model is altered in proportion to the change in 
its surface area from that of the 'standard' model. 
5.1.1.10 Shivering response 
McArdle (1984) observed large differences in the metabolic responses of men and 
women who had experienced identical drops in deep body temperature. When these 
responses were weighted by the lean body mass of each group there was a considerable 
drop in the differences of their responses, though this was still significant (P<O.05). 
Furthermore, Hayward and Keatinge (1981) also note in their discussion, that a subject 
with a high muscle mass in their studies produced a higher metabolic rate. It is 
speculated that the differences in the shivering responses presented in the published 
literature for people with varying body composition, may be due to the influence of rate 
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control. Bigger fatter people will tend to have a slower cooling rate than lighter 
individuals. Rate control of heat flow or body temperature would thus arouse a higher 
shivering response in lighter thinner individuals than larger fatter ones. There does not 
exist any information determining if and how rate control alters the shivering rate with 
respect to metabolic heat production: Consequently, the shivering response of the model 
was altered with respect to changes in the model's lean body mass and is modified 
according to the relationship: 
m 
CHILL = CHILL,.---..!L 
m'ff 
Where: 
CHILL = total efferent shivering response (W); 
(5.\6) 
CHILLs = total efferent shivering response for the 'standard' model (W). 
5.1.1.11 Vasoconstrictive response 
The majority of cold studies estimate the degree of vasoconstriction through the 
calculation of internal insulation. This property is equal to the reciprocal of the heat loss 
from the body multiplied by the temperature difference between core and skin (Cannon 
and Keatinge, 1960, Kollias et ai, 1974, Hayward and Keatinge, 1981). Alternatively, 
Strong et al (1985) used a human thermal model to estimate the internal insulation of 
subjects. This was established by altering the thermal properties of the model until it 
responded in an identical thermal manner to human subjects. However, both methods 
are unable to provide a true indication of vasoconstrictor tone, as they only provide an 
estimate of total insulation between body core and skin and not an isolated measure on 
the reduction of skin blood flow. For these estimates do not neglect the impact of 
alterations in the blood flow to muscle with shivering and of changes in counter-current 
heat exchange. With little evidence in the published literature to confirm if and by how 
much vasoconstrictor tone varies with body size ~d composition it was decided to leave 
the sensitivity of this physiological response identical to that of the 'standard' model. 
5.1.1.12 Resting compartment temperatures 
The original resting compartment temperatures of the LUT25-node model were obtained 
by operating it passively (without thermoregulatory control) under nude, resting, 
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thennally neutral conditions (air and mean radiant temperatures = 29.45 °C, air speed = 
0.1 m.s·1 and relative humidity = 0.3), until a steady state (heat balance) was reached. 
The resulting compartment temperatures were then recognised as the model's initial 
resting conditions prior to any simulated exposure. These are detailed in table 5.1. They 
were obtained by Stolwijk and Hardy (1977) when they developed the original 25-node 
model and continue to be used in the LUT25-node model. 
Alterations to the model's anthropometry will cause it to predict different resting 
compartment temperatures when operated under the conditions defined to obtain its 
original resting compartment temperatures. Consequently, the LUT25-node model has 
been modified to account for these alterations in its resting compartment temperatures. 
This is necessary so that the model is in thermal equilibrium under its defmed thennally 
neutral conditions. Furthennore, this modification allows for the variation nonnally 
observed in the resting thennal responses of subjects with varying body size and 
composition. 
Body segment Core ("C) Muscle (0C) Fat("C) Skin (0C) 
Head 36.96 35.07 34.81 34.58 
Trunk 36.89 36.28 34.53 33.62 
Arnls 35.53 34.12 33.59 33.25 
Hands 35.41 35.38 35.30 35.22 
Legs 35.81 35.30 35.31 34.10 
Feet 35.14 35.03 35.11 35.04 
I"entral blood compartment 36.71 
Table 5.1 
Resting compartment temperatures for the 'standard' LUT25-node model. 
The process of evaluating ilie new resting compartment temperatures of the model, when 
alterations are made to its body size and composition, involves the model aJitomatically 
performing an initial 20-hour simulation under nude, thermally neutral resting 
conditions. The resulting compartment temperatures at ilie end of this exposure become 
the initial resting compartment temperatures ofiliemodel for the new simulation defined 
by the user. However, developments to the 25-node model introduced by Haslam (1989) 
and Haslam and Parsons (1989,94) to create ilie 25-node model, dictate that the LUT25-
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node model is no longer able to re-produce the same steady-state compartment 
temperatures (as shown in table 5.1) when exposed to the thermally neutral conditions of 
Stolwijk and Hardy (1977). Consequently, to ensure the LUT25-node model predicts the 
expected trunk core temperature of 36.89 QC under steady-state conditions (table 5.1) the 
air and mean radiant temperature of the thermally neutral conditions were reduced from 
29.45 QC to 28.80 QC. Table 5.2 reflects the steady-state compartment temperatures of 
the 'standard' model under the revised thermally neutral conditions. As with the original 
LUT25-node model, the set-point controlling temperatures of the model are made equal 
to any new resting compartment temperatures evaluated for the model. 
Body segment Core COc) Muscle COc) Fat COc) Skin ("C) 
Head 36.96 35.09 34.84 34.61 
Trunk 36.89 36.16 34.33 33.51 
Arms 35.45 34.11 33.53 33.31 
Hands 35.02 34.98 34.90 34.81 
Legs 35.73 35.23 34.29 34.09 
Feet 34.76 34.83 34.69 34.68 
Central blood compartment 36.70 
Table 5.2 
Revised resting compartment temperatures/or the 'standard' LUT25-node model. 
5.2 Heat acclimation of the LUT25-node model 
Heat accIimation is the practical method used to condition people prior to working in hot 
environments. The process involves exposing for up to 12 to 14 consecutive days 
individuals to hot stressful laboratory conditions for periods lasting a few hours per day 
(Leithead and Lind, 1964). During the accIimation process it is usual to exercise 
subjects, as exercise conditioning without heat exposure is shown to produce thermal 
physiological adaptations similar to heat accIimation (NadeI et ai, 1974, Roberts et ai, 
1977, Shvartz et ai, 1979). Consequently, the most effective heat accIimation is achieved 
with exercise in the heat. 
The degree of acclimation achieved depends on the environmental conditions, exercise 
intensity, the period of exposure on each day of acclimation and the number of heat 
accIimation days (Leithead and Lind, 1964). Pandolf et al (1977) for example, concludes 
that an inverse relationship exists between physical fitness and the number of days 
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required to heat acclirnate sUbjects. 
S.2.1 The physiological effects of heat acclimation 
Before adapting the LUT25-node model to predict the thermal responses of heat 
acclirnated subjects, it was necessary to appreciate in detail the magnitude and type of 
thermal physiological changes that occur with heat acclimation. These are considered 
below. 
S.2.1.1 Drop in resting core temperature 
Numerous studies show that after heat acclirnation subjects possess a lower resting core 
temperature (Shvartz et ai, 1979, Aoyagi et ai, 1995, Fox et ai, 1963, Wyndham 1967, 
Wyndham et ai, 1954). The maximum faIl is around 0.5 °C, as observed in rectal 
temperature (Shvartz et ai, 1979, Aoyagi et ai, 1995, Wyndharn 1967, Wyndham et ai, 
1954) and as suggested by Givoni and Goldman (1973b), the pattern of this drop is 
exponential with the number of days heat acclirnation. 
As with most physiological adaptations associated with heat acclirnation, there are no 
clear explanations isolating the cause for the fall in resting core temperature. Givoni and 
Goldman (1973b) propose that it is the result of an increase in the efficiency of the 
peripheral circulation, which is able to transport heat from core to periphery across 
smaller temperature. gradients. This reduces core temperatures, but as found in their 
work, maintains resting skin temperatures at pre-acclimated levels. 
Some studies have discovered reductions in BMR with heat acclimatization (MacGregor 
and Loh, 1941, Collins and Weiner, 1968), which could contribute to a lower resting 
core temperature. MacGregor and Loh (1941) for instance, observed 5-6 % drops in the 
BMR of European service men within their first year of residency in Singapore. 
However, this drop in BMR is the result of acclimatization. Consequently, behavioural 
adaptations could be responsible for this observed drop in BMR rather than any 
physiological adaptations. Measures of the BMR of pre- and post- heat acclimated 
subjects does not seem to have been conducted, so uncertainty surrounds this possible 
physiological adaptation with heat acclimation. 
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5.2.1.2 Increased sweating response 
Another common feature of heat acclimation is for subjects to sweat at lower internal 
body temperatures (Nadel et 01,1974, Roberts et 0/1977, Shvartz et 0/1979, Fox et 01 
1963, Wyndham 1967). Nadel et 01 (1974) and Roberts et 01 (1977) for instance, 
observed that heat acclimated subjects began sweating at a 0.24 °C lower oesophageal 
temperature than they did in their pre-acclimated condition. Alternatively, Shvartz et 01 
(1979) and Wyndham (1967) found sweating was initiated at a rectal temperature 0.5 °C 
lower than in the pre-acclimated state. 
Although there is substantial evidence to support the initiation of sweating at lower 
internal body temperatures, the reasons for its cause are unclear. 
5.2.1.3 Increased sweating sensitivity 
In addition to the onset of sweating at lower core temperatures, heat acclimation 
increases the sweating response per degree rise in core temperature (sweating 
sensitivity) (Nadel et 0/1974, Roberts et ai, 1977, Fox et ai, 1963, Wyndham, 1967, 
Wyndham et ai, 1954, Nielsen et ai, 1993, Nielsen, 1994). Several studies (Nadel et ai, 
1974, Wyndham, 1967, Nielsen 1994) consistently demonstrate in their results, rises of 
around 65 % in the sweating sensitivity of heat acclimated SUbjects. Furthermore, 
Wyndham (1967) found increases of 67 % in the maximum sweating capacity of heat 
acclimated subjects over unacclimated ones. 
Nadel et 01 (1974) and Roberts et 01 (1977) attribute this increase in sweating sensitivity 
primarily on exercise conditioning, rather than on heat exposure. In response to their 
findings, they emphasised the need to exercise subjects during heat acclimation. 
However, Fox et 01 (1963) observed an average increase of around 100 % in the 
sweating/oral temperature sensitivity of subjects passively heat acclimated through 
submersion hyperthermia The contradiction of the fmdings in each study could be a 
consequence of the different methodologies and protocols used to heat acclimate the 
subjects in each investigation. 
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5.2.1.4 Increased vasodilatory response 
Similar to the sweating response, heat acclimated subjects vasodilate at lower internal 
body temperatures than unacclimated subjects (Roberts et ai, 1977, Fox et al 1963). In 
the investigations performed by Roberts et al (1977) the experimental subjects 
vasodilate at oesophageal temperatures 0.46 °C lower than in their unacclimated state, 
although no significant changes were observed in resting peripheral blood flow, or in the 
blood flow/internal body temperature sensitivity. Similar conclusions were arrived at in 
the work of Fox et al (1963), who attributes the change in the vasomotor response to an 
increase in the sensitivity of the thermoregulatory system. 
5.2.1.5 Drop in metabolic heat production 
With heat acclimation, reductions have been observed in the metabolic heat elicited 
during exercise (Aoyagi et ai, 1995, Wyndham, 1967, Sawka et ai, 1983a, Young et ai, 
1985). This was found to be around 5 % during treadmill (Aoyagi et ai, 1981, Sawka et 
ai, 1983a) and cycle ergometer exercise (Young et ai, 1985), with higher reductions 
(around 12 %) observed in heat acclimated subjects performing step tests (Wyndham, 
1967). The higher fall in the metabolic heat elicited during step tests is attributed to the 
higher degree of skill needed to perform this task over treadmill and cycle ergometer 
work (Sawka et ai, 1983a). This provides more scope for improving the mechanical 
efficiency of the task during the acclimation process. 
Wyndham (1967) proposes two possible explanations for the drop in exercise generated 
metabolic heat with heat acclimation. First, the lower core and skin temperature 
responses observed in heat acclimated subjects working in the heat reduces'the amount 
of metabolic heat released by 'body tissues (a QIO effect). Second, an increased 
mechanical efficiency of heat acclimated subjects to perform the exercise task. This 
could be attributable to both an habituation effect brought about by the repeated 
performance of the exercise task during the acclimation process, and by the reduced 
fatigue and cardiovascular strain experienced by heat acclimated subjects especially 
towards the end of experimental exposures. Controversy surrounds the possible 
influence these points have in reducing metabolic heat production with heat acclimation 
(Sawka et ai, 1983a, Young et ai, 1985) and the definitive cause is not clear, 
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5.2.2 The affects of heat acclimation on the human thermal response 
As a result of the physiological adaptations associated with heat acclimation, acclimated 
subjects demonstrate a lower thermal response than unacclimated ones when working in 
the heat. The typical differences observed are as follows. 
5.2.2.1 Reduced core temperature response 
As well as a reduced resting core temperature, heat acclimated subjects have a lower 
core temperature response when exposed to hot environmental conditions (Leithead and 
Lind, 1964, Nadel et ai, 1974, Roberts et ai, 1977, Shvartz et ai, 1979, Pandolf et ai, 
1977, Givoni and Goldman, 1973b, Young et ai, 1985). The difference in core 
temperature response between heat acclimated and unacclimated subjects can be as 
much as 0.3 DC to 1.2 DC. Leithead and Lind (1964) illustrate that this difference 
develops exponentially with the number of days heat acclimation. 
Givoni and Goldman (1973b) indicate that the lower core temperature response is 
directly dependent upon the environmental heat stress, the working intensity and period 
of experimental exposure. Higher air temperatures, work intensities and longer 
experimental exposures causing the internal temperature difference between heat 
acclimated and unacclimated subjects to be greater. 
The physiological adaptations which influence the difference in internal temperature 
response are, the initial difference in resting internal body temperature, the onset of 
sweating and vasodilation at lower internal body temperatures, the increased sweating 
sensitivity and the reduced metabolic heat produced during exercise. From these factors, 
sweating has the greatest influence on the internal body temperature response, as this is 
generally the main avenue of heat loss in hot stressful environments. Consequently, as 
the evaporative capacity from the skin surface is restricted, by water-vapour-
impermeable clothing and high environmental humidities, the difference in the core 
temperature responses between pre- and post-acclimated subjects reduces (Givoni and 
Goldman, 1973b). 
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5.2.2.2 Reduced mean skin temperature response 
No obvious differences exist between the resting mean skin temperature of heat 
accIimated and unacclimated sUbjects. However, during experimental exposures the 
mean skin temperature of heat accIimated subjects is usually lower than those of 
unaccIimated subjects (pandolf et ai, 1977, Nielsen et ai, 1993, Nielsen, 1994). The 
temperature difference is shown to be as much as 0.8 ·C (Shvartz et ai, 1979) and as 
with the differences observed in core temperature response, the difference in mean skin 
temperature response is dependent on the environmental heat stress and length of 
experimental exposure. 
5.2.2.3 Reduced heart rate response 
Heat accIimated subjects demonstrate a lower heart rate response (11-36 beats/minute) 
than unacclimated subjects during hot environmental exposures (Roberts et ai, 1977, 
Shvartz et ai, 1979, ·Pandolf et ai, 1977, Nielsen et ai, 1993, Young et ai, 1985). The 
onset of the reduced heart rate response has a form similar to the onset of the reduction 
in internal body temperature response (Leithead and Lind, 1964); an exponential decay. 
5.2.2.4 Increased durability to withstand heat strain 
Studies show the essential benefit of heat accIimation is to enhance tolerance times to 
work in the heat (Aoyagi et ai, 1995, Nielsen et ai, 1993, Nielsen, 1994). This is 
possible due to the lower internal body temperature responses and heart rates observed 
in heat accIimated subjects. Nielsen (1994) and Nielsen et al (1993) for instance, found 
that in both heat acclimated and unaccIimated subjects, exhaustion to work in the heat 
was reached when oesophageal temperatures approached 39.5 .c. Consequently, once 
heat acclirnated, their experimental subjects were able to work 63 % longer to reach this 
limiting internal body temperature than it did before they were heat accIimated. 
5.2.2.5 Decay of heat acclimation 
If heat accIimated subjects cease daily exposures to elevated environmental conditions, 
the physiological changes aroused through heat accIimation begin to disappear. Leithead 
and Lind (1964) suggest the affects of heat acclimation are adequately maintained for up 
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to two weeks after the accIimation process. However, after these two weeks, the benefits 
of heat accIimation are rapidly lost and disappear completely within a month. These 
figures compare favourably with those of Givoni and Goldman (1973b), who estimate a 
loss of one days heat acclimation in resting rectal temperature for every two days 
absence from an acclimation programme. 
Williarns et al (1967) found the decay in heat accIimation was not equal for all 
physiological responses; showing that after three weeks rest from the acclimation regime 
the reduced heart rate and increased sweating response had completely disappeared, 
whereas the lower core temperature response was still 50 % of the fully-acclimated state. 
Furthermore, Pandolf et al (1977) found that the loss in heat accIimation is inversely 
related to the physical fitness of the accIimated SUbjects. Their results show maximum 
losses of 18 % and 29 % in the rectal temperature and heart rate responses respectively 
when their physically fit subjects rested for 3 weeks after an accIimation progranune. 
5.2.3 Heat acclimating the LUT2S-node model 
As the LUT25-node model is a rational simulation of human thermoregulation, as 
opposed to an empirical one, it is necessary to alter the fundamental physiological 
mechanisms of the model in order for it to predict the thermal responses of a heat 
acclimated individual. The specific alterations made to the model to achieve this are 
detailed below. 
5.2.3.1 Resting core temperature 
A drop of 0.5 QC in the resting trunk core temperature of the LUT25-node model (from 
36.89 QC) was chosen to reflect its fully heat accIimated state; this fall being typical of 
the drops in resting rectal temperature observed in the literature (section 5.2.1.1). To 
implement this change it was not possible to reduce directly the resting trunk core 
temperature by 0.5 QC for two reasons. First, as defined in section 5.1.1.12, the resting 
compartment temperatures of the model represent a condition of thermal equilibrium 
under thermally neutral conditions. Making isolated changes to the resting temperature 
of one compartment would upset the thermal balance of the model in the thermally 
neutral environment. Second, because the model is based upon rational principles of heat 
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transfer, changes in the model's thermal responses must arise through alterations in its 
fundamental physiological characteristics. 
Section 5.2.1.1 highlighted only two potential physiological adaptations that could cause 
the fall in resting core temperature; a fall in BMR and an increase in the efficiency of 
peripheral circulation (this could be construed as an increase in the resting peripheral 
blood flow or as an increase in the effective thermal conductance of the peripheral 
tissue). In light of these potential physiological changes, a preliminary modelling study 
was conducted. This investigated how altering the LUT25-node model's BMR, basal 
skin blood flow and the thermal conductance of its fat and skin layers, affect trunk core 
temperature when the model is operated passively (without thermoregulatory control) 
under the revised thermally neutral conditions presented in section 5.1.1.12. The 
modifications made to the model's physiological parameters are presented in table 5.3. 
Physiological parameter Percentage change in Drop in trunk core 
physiological parameter temperature ("C) 
Basal metabolic rate 3 % decrease 0.29 
(BMR) 5 % decrease 0.45 
Basal skin blood flow 15 % increase 0.16 
50 % increase 0.44 
Thermal conductance of 10 % increase 0.03 
skin/fat tissue layer 50 % increase 0.08 
Table 5.3 
Sensitivity of the LUT25-node models resting trunk COre temperature 
to changes in its Basal Metabolic Rate, basal skin bloodflow, and 
thermal conductance of its combinedfat and skin layers. 
Table 5.3 contains the results from the preliminary study. It shows that of the 
physiological parameters altered, resting trunk core temperature is most sensitive to 
changes in BMR. Skin blood flow had a moderate influence on resting trunk core 
temperature, while comparatively large changes in the thermal conductivity of the skin 
and fat layers was necessary to produce an appreciable drop in trunk core compartment 
temperature. These results suggest that minor alterations to the BMR of the model could 
produce the 0.5 °C drop in resting trunk core temperature. However, examination of the 
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model's other resting compartment temperatures, revealed appreciable drops in the skin 
compartment temperatures, which are not normally observed with heat acclimation. To 
offset this effect, a combination of a 4 % reduction in BMR and a 10 % increase in basal 
blood flow to the skin were used to reduce the resting trunk core temperature of the heat 
acclimated LUT25-node model. 
The final resting compartment temperatures of the fully-heat acclimated LUT25-node 
model are presented in table 5.4. These show a reduction in the resting trunk core 
temperature of 0.5 QC from the pre-acclimated state (table 5.2). Although the model's 
resting skin compartment temperatures are not exactly the same as those for the pre-
acclimated model, they are closer than they would have been if the basal skin blood flow 
had not been increased with heat acclimation. 
Body segment Core ("C) Muscle (QC) Fat ("C) Skin (QC) 
Head 36.46 34.75 34.52 34.30 
runk 36.39 35.73 34.02 33.26 
~ms 35.06 33.81 33.27 33.06 
~ands 34.73 34.69 34.62 .34.54 
Legs 35.34 34.88 34.00 33.81 
Feet 34.50 34.56 34.43 34.42 
Central blood compartment 36.20 
Table 5.4 
Resting compartment temperatures for the fully-heat acclimated LUT25-node model. 
The 4 % reduction in BMR agrees with the work of MacGregor and Loh (1941) who 
observed drops of between 4 and 6 % in the BMR of heat acclimatized subjects. With 
reference to the changes made to the model's basal skin blood flow, Fox et al (1963) 
presents results in which the resting mean foreann blood flow of their heat acclimated 
subjects is higher than it is in their pre-acclimated state. These findings support the 
rational approach adopted to reduce the resting trunk core temperature of the model with 
heat acclimation, while maintaining resting mean skin temperature. 
The resting compartment temperatures of the model (table 5.4) are for the fully-heat 
acclimated condition, in which there is a 0.5 QC drop in resting trunk core temperature. 
As discussed previously (section 5.2.1.1) the fall in resting core temperature with heat 
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acclimation is a gradual process, which in the acclimated LUT25-node model is 
considered fully-developed after 12 days heat acclimation. In order for the LUT25-node 
model to consider the progressive fall in resting core temperature with heat acclimation, 
an empirical relationship was adopted (as developed by Givoni and Goldman, 1973b) 
relating the number of acclimation days to the fall in resting rectal temperature. This 
relationship is illustrated in figure 5.1. 
As discussed previously, alterations are not made directly to the model's resting trunk 
core temperature, but to the fundamental physiological adaptations believed to cause this 
change in the model (BMR and basal skin blood flow). Hence, relationships describing 
the change in these physiological variables with heat acclirnation were constructed, 
based on the relationship between rectal temperature and acclirnation days devised by 
Givoni and Goldman (1 973b)(figure 5.1). 
Figures 5.2 and 5.3 respectively illustrate the functions developed to describe the change 
in the basal skin blood flow and BMR of the LUT25-node model with heat acclirnation. 
With these functions, the model calculates its own BMR and basal skin blood flow for 
any user-defined number of heat acclimation days. Using these values, the model then 
evaluates its new resting (initial) compartment temperatures prior to a simulated 
exposure, by performing a separate run to steady state, under thennally neutral 
conditions, with no thermoregulatory control. The resulting compartment temperatures 
of the model from this initial run then act as the model's resting and initial starting 
temperatures for the ensuing simulated exposure. This process copies that used to obtain 
the initial resting compartment temperatures of the model when alterations are made to 
the model's body size and composition (section 5.1.1.12). The method produces a drop 
in the resting trunk core temperature of the LUT25-node model with number of 
acclimation days, identical to that dermed by Givoni and Goldman (1973b) presented in 
figure 5.1. 
5.2.3.2 Sweating response 
The thermoregulatory control system for the LUT25-node model is based upon a 'set-
point' theory of human thermoregulation. The 'set-points' of the unaccIimated LUT25-
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node model are equivalent to its steady-state compartment temperatures. Similarly, the 
'set-point' temperatures of the heat acclimated model are also equal to its resting 
compartment temperatures, which are evaluated by the model (section 5.2.3.1). As the 
resting and 'set-point' compartment temperatures of the heat acclimated model are lower 
than those of the unacclimated model, the model automatically begins sweating at a 
lower core temperature. For instance, the resting head core compartment temperature of 
the fully-heat acclimated LUT25-node model is 0.5 °C lower than that of the 
unacclimated model. Consequently, the fully-heat acclimated LUT25-node model 
begins sweating at a 0.5 °C lower core temperature than the unacclirnated model. This 
value relates to similar figures presented in the published literature (section 5.2.1.2). 
5.2.3.3 Sweating sensitivity 
The human sweating response is influenced by both internal and peripheral body 
temperature changes (Nadel et at, 1971). To mimic this action, the total efferent 
sweating response for the LUT25-node model is evaluated according to the relationship: 
SWEAT = CSW(t., - TSET"J + SSW(WARMS - COLDS) (5.17) 
Where: 
CSW 
SSW. 
= sweating sensitivity to internal temperature changes (W.oC'); 
= head core compartment temperature (0C); 
= head core compartment set-point temperature eC); 
= sweating sensitivity to peripheral temperature changes 
(W.oC1); 
WARMS = integrated output from skin warm receptors (0C); 
COLDS = integrated output from skin cold receptors (0C). 
Equation 5.17 shows that the sweating sensitivity of the LUT25-node model is dictated 
by the coefficients CSW and SSW. Hence, increasing the values of these coefficients 
with heat acclimation would increase the sensitivity of the model's sweating response, 
but it was not certain how much these values should be raised. 
The majority of the experimental work reviewed (section 5.2.1.3) demonstrate how the 
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sweating sensitivity with heat acc1imation alters with respect to rises in internal 
temperature. However, many of these studies have failed to control peripheral 
temperatures, so it is uncertain if the increase in the sensitivity of the sweating response 
is due to a heightened perception of the thermoregulatory controller to changes in 
internal temperatures, peripheral temperatures, or both. Nadel et al (1974) managed to 
control skin temperatures in their study and observed a 67 % increase in the sweating 
sensitivity with respect to changes in core temperature. This figure correlates with other 
results presented in the literature. In light of the information available, an increase of 60 
% in the sweating sensitivity of the LUT25 -node model to changes in internal 
temperature (CSW) was chosen. 
With respect to changes in the sweating sensitivity relating to skin temperature (SSW), 
information was unavailable in the published literature. Gonzalez (1995), who worked 
on the original 25-node model of Stolwijk and Hardy (1977), suggested in a private 
correspondence that SSW be increased by 40 % with heat acc1imation. The actual 
increase in SSW for the LUT25-node model was based on the findings ofNadel et al 
(1971). They discovered that the sweating response is 10 times more sensitive to a unit 
change in core temperature than it is to a unit change in skin temperature. The sensitivity 
of the unacc1imated LUT25-node model's sweating response to changes in internal and 
peripheral temperature changes is based on this work. Hence, assuming this general 
observation is consistent for heat acclimated subjects, SSW in equation 5.17 was 
increased by 60 % to correlate with the increase in CSW. 
In common with the functions used to describe the development of the increase in basal 
skin blood flow and drop in BMR of the LUT25-node model with the number of 
acc1imation days (figures 5.2 and 5.3), similar functions were created to express the 60 
% increase in CSW and SSW for the model with heat acclimation. These are: 
CSW = 595 -223e-O.3x (5.18) 
SSW = 53.92 - 20.22e""·3x (5.\9) 
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Where: 
x = nwnber of heat accIimation days. 
5.2.3.4 Vasodilatory response 
As described in 5.2.3.2, the thennoregulatory control system for the LUT25-node model 
is based on a 'set-point' theory of hwnan thermoregulation, where the 'set-point' 
temperatures are equivalent to the resting compartment temperatures. As the 'steady-
state' compartment temperatures of the LUT25-node model reduce with heat 
accIimation, this causes the regulatory responses of sweating and also vasodilation to 
initiate at lower core temperatures. In the fully-heat accIimated state, vasodilation occurs 
at a 0.5 °C lower core temperature in the model than in the pre-accIimated condition. 
This agrees with figures quoted in the published literature (section 5.2. I A). 
5.2.3.5 Vasodilatory sensitivity 
The format of the equation determining the vasodilatory response of the LUT25 node 
model is identical to that used for the total efferent sweating response, where: 
DILAT = CDIL(thc - TSET;,J + SDIL(WARMS - COLDS) (5.20) 
Where: 
DILAT 
CDIL 
= total efferent skin vasodilation response (l.h- I); 
= vasodilation sensitivity to central temperature changes 
(l.h·l.oC· I); 
SDIL = vasodilation sensitivity to peripheral temperature changes 
(I.h·l.oC I). 
Of the investigations reviewed in this study, none observed any consistent changes in the 
sensitivity of the vasodilatory response with heat accIimation (Fox et aI, 1963, Nielsen 
et aI, 1993). Roberts et al (1977) observed an increase of 1.3 m 1.(1 OOmlrl .min-l.oC I in 
this sensitivity after exercise conditioillng, but after heat accIimation the average 
sensitivity of the vasodilatory response decreased by 0.8 ml.(IOO mlrl.min·l.oC I . 
Gonzalez (1995) proposed a 40 % increase in the sensitivity of the model's vasodilatory 
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response to changes in internal (CDIL) and peripheral (SDIL) temperature with heat 
acciimation, based on an understanding of the original 25-node model. In order to 
consider any potential physiological adaptation with heat acclimation, it was decided 
that the vasodilatory sensitivity of the LUT25-node model should be increased in 
relation to the figures provided by Gonzalez. 
To consider gradual changes in these parameters with the number of heat acclimation 
days, equations, identical in form to those used to describe the change in the sensitivity 
of the sweating response with heat acclimation (equations 5.18 and 5.19) were 
developed. These are as follows: 
CDIL = 190.4-54.4e-<l3x (S.2l) 
SDIL = 12.46 - 3.S6e-<l·3x (S.22) 
Although there is little evidence to support a change in the vasodilatory sensitivity ofthe 
LUT25-node model with heat acclimation, 'this alteration was found later to have little 
impact on the temperature predictions from the model. However, the magnitude of the 
peripheral blood flow from the model is obviously affected by this modification and 
consideration should be made for this if direct comparisons are made between predicted 
and measured blood flow responses. It is suggested that such comparisons should be 
made in order to establish if it is necessary to alter the vasodilatory sensitivity of the 
model to achieve predicted peripheral blood flows similar to those measured in heat 
acciimated subjects. 
5.2.3.6 Metabolic heat production 
Depending on how the heat acclimated LUT2S-node model will be applied, dictates 
whether it is necessary to modifY the metabolic heat production of the model to allow 
for the reductions commonly observed in heat acclimated subjects when exercising 
(section 5.2.I.S). If the model is used to make predictions of the thermal responses of 
heat acciimated subjects, then it is expected that the user will enter directly measured 
metabolic rates of the subjects and no modification of the metabolic rate is required. 
However, if the model is used to establish differences in the thermal responses of heat 
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acclimated and non-acclimated subjects, then this would require manipulation of the 
metabolic rate. Consequently, as it is not possible to determine before hand how the 
model will be applied, no implicit method has been devised to automatically account for 
the reduced metabolism of heat acclimated exercising subjects in the model. However, 
an explicit means of achieving this is for the user to reduce by around 5 % the total 
metabolic heat production they input into the model, when comparing the predicted 
responses of heat acclimated and unacclimated subjects. If this procedure is followed, it 
should be remembered that the model already reduces its BMR by an amount dependent 
on the number of heat acclimation days (section 5.2.3.1) and this point should be 
allowed for in the calculations used to evaluate the reduced exercise generated metabolic 
heat elicited by exercising heat acclimated SUbjects. 
5.3 The distributed clothing model for the LUT25-node model 
The modified clothing model for the LUT25-node model maintains the use of the 
familiar measures of intrinsic clothing insulation (1.,1) and Woodcock permeability index 
(inJ for users to define the dry and vapour properties of the model's clothing. These 
values define the ability of clothing to insulate the whole surface area of the body. To 
understand how they relate to their local distributed values of thermal insulation and 
vapour resistance it is necessary to understand how these parameters are measured. 
The common means of measuring lel (of either garments or ensembles) is with a fully-
heated thermal manikin (McCullough et ai, 1983a,b, Zhu et ai, 1985, ISO 9920, 1995). 
The method involves fully-heating a manikin to thermal equilibrium; first nude and then 
clothed. Measurements of the total heat loss from the manikin at known and fixed 'skin' 
temperature and environmental conditions are used to evaluate clothing insulation values 
(intrinsic, effective or total). 
With respect to im, there is no direct means of measuring this property of clothing. It is 
obtained by determining the intrinsic evaporative resistance of clothing (led) and then 
evaluating im from the relationship: 
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(5.23) 
I.cl is detennined wiih a fully-wetted thennal manikin; operated first nude, to establish 
the vapour resistance of the air boundary layer (1.,) and then clothed, with the required 
clothing item (gannent or ensemble). 
By definition I.:I and I.cl define the impact the thenna! insulation and vapour 
penneability of clothing has on the total surface area of the body, whether the clothing 
item covers the whole surface area of the body or not. This effect can be seen illustrated 
in figure 5.4. Figure 5.4a represents the defined situation of measuring a clothing items 
thennal properties, where the thennal insulation and vapour resistance of the clothing is 
assumed to be distributed evenly over the manikins surface (AD)' and figure 5.4b, the 
actual situation, where the impact of the clothing is felt only over those regions of the 
body it covers (A"ov) (eg a pair of gloves over the hands). For both the thermal insulation 
and vapour resistance of the clothing, it is possible to derive equations (see Appendix C) 
describing how these defmed clothing properties relate to the local dry and vapour 
properties of clothing. These are, for the defined intrinsic thennal insulation (which 
could relate to the measurement of clothing ensembles or gannents): 
(5.24) 
while for the vapour resistance the following equation can be derived: 
AD _~ 
led = ----,---~---,.--A~ 
Acov + AD - COy Id (5.25) 
Where: 
Iclcov 
Ieclcov 
I, I 
I eclcov + -I. ' 
dcov 
local intrinsic clothing insulation (m2.oC.WI); 
local clothing area factor (ND). 
local intrinsic vapour resistance (m2.kPa. WI). 
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These equations have been presented previously (Haslarn, 1989, Lotens and Havenith, 
1991), though their derivations are not obvious in these publications. 
Associated with the equations are two assumptions, both of which have already been 
identified (Haslarn, 1989, Lotens and Havenitb, 1991). The assumptions are that, I) the 
clothing properties for a garment or ensemble are uniform throughout the clothing's area; 
2) the skin temperature of the manikin used to measure the clothing properties is 
uniform. Irrespective of these assumptions, equations 5.24 and 5.25 formed the 
foundations for distributing and summing the thermal and evaporative resistance of 
clothing over the LUT25-node thermoregulatory model. The specific details of the 
modifications made follow. 
5.3.1 The distribution of clothing insulation and vapour resistance 
For each clothing item added to the clothing model, the user needs to specify, the 
clothing's lel, fcl , im, the percentage surface area of the model's body segments that are 
covered by the clothing item and whether the top or bottom of the body segment is 
covered by the clothing. With respect to the magnitude of the values entered by the user, 
Neale et al (1996b) demonstrated that for any clothing garment or ensemble there is a 
theoretical maximum measurable intrinsic clothing insulation, which is dependent on the 
thermal insulation of the air boundary layer and on the unclothed surface area of the 
manikin. The maximum measurable limit is given by: 
(5.26) 
Appendix C provides the derivation for this equation. In addition to the maximum 
measurable intrinsic clothing insulation, it isalso shown (Appendix C) that there is a 
maximum and minimum attainable im for any clothing item. These limits are expressed 
by the equations: 
. Ir.fcl 
1=--
m LR.J, 
(5.27) 
for the maximum measurable im value and; 
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im = IT (AD -Arov) 
LRJ,.AD 
for the minimum measurable im value. 
(5.28) 
As with intrinsic clothing insulation, the limits of im are dependent on the surface area of 
the unclothed body, in addition to the environmental vapour resistance, rather than on 
any intrinsic properties of the clothing. The existence of these limits for the clothing 
parameters stems from the fuUy-operational manikin method of measuring a clothing's 
intrinsic insulation and vapour resistance. Independent of how much thermal insulation 
and vapour resistance is applied to the clothed areas of the manikin, heat and water 
vapour is stiJI able to escape from the nude areas of the manikin, restricted only by the 
thermal and vapour resistance of the air boundary layer. This limits the maximum 
measurable thermal and vapour parameters of the clothing. Consequently, the clothing 
model ensures that the intrinsic thermal insulation and Woodcock permeability index of 
all clothing items added to the clothing model do not surpass their measurable limits, 
defmed by equations 5.26, 5.27 and 5.28. Similar limits are placed on the values of 
thermal insulation entered into the CLOMAN model of Lotens and Havenith (1990), 
when users wish to enter the defined values of Intrinsic clothing insulation for clothing 
items. 
For each clothing item entered by the user, the clothing model determines the local 
intrinsic clothing insulation and vapour resistance through reorganised expressions of 
equations 5.24 and 5.25, where: 
I
clcov ::::::; 
Arov la 
---
AD AD - Acov fclcov 
(5.29) 
I la la d+-
Id 
and: 
Ieclcov ::::::; 
A.oov l 
AD AD - Arov felcov 
(5.30) 
I, I, I ecl +-Id 
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la and le in equations 5.29 and 5.30 are approximately equal to 0.111 m'.°C.W I and 
0.013 m2.kPa.WI in the LUT25-node model, while feleov is shown to be equal to 
(Appendix C): 
f. AD cloov = -- ([cl -1) + 1 
Acov 
(5.3\) 
With the results from equations 5.29, 5.30 and 5.31 for each clothing item added to the 
clothing model, the model examines for each body segment of the thennoregulatory 
model where along the segment there is a change in the number of clothing layers 
covering the segment. The profile of any body segment surface may consist of separate 
regions consisting of one or more clothing layers or none at all. Where two or more 
clothing items overlap on the body segment, the model determines the surface area of 
the body segment over which this occurs (Sseg(i.k»' The local intrinsic insulation (iclseg(i.k» 
and vapour resistance (ieclseg(i.k}) of the clothing ensemble over this known surface area of 
the body segment are evaluated, by respectively summing the inner clothing layers I.:leov 
and Iecleov values with those for the outer clothing layers, divided by their adjacent inner 
layers feleov value. Modifying the I.:leov and Iecleov of each outer clothing layer by dividing 
it by its adjacent inner clothing feleov value, allows for reductions in the insulation and 
vapour resistance of clothing caused by clothing compression of trapped air layers. The 
clothing model establishes which clothing items overlap which according to the order in 
which the user enters the clothing items into the model; clothing items entered first are 
assumed to be covered by those that follow. The local clothing area factor (fl"lseg(i.k» for 
the overlapping clothing items is assumed to be that of the clothing item with the largest 
feleov value. Where only a single layer of clothing covers a fraction of the body segment, 
the ic\seg(i.k), ieelseg(i.k) and fl"lseg(i.k) over this surface area are respectively equal to the I.:leov, 
recleov and fcleov of the single clothing layer. Uncovered areas of the body segments are 
also identified and the values of iclseg(i.k), ieclseg(i.k) and flclseg(i.k) for these regions are equal 
to 0, 0 and 1 respectively. 
When the complete profile of the thermal insulation, vapour resistance and clothing area 
factors for each body segment of the LUT25-node model has been determined, the 
clothing model then calculates a single intrinsic clothing insulation, vapour resistance 
and clothing area factor for each body segment of the thermoregulatory model. The 
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clothing area factor for each segment is established with the relationship: 
f. - "S,<g(i,Wfi'U<g(I,l) clJeg(i) - L..J S (5,32) 
Where: 
~Iseg(i) 
5,.,g(i,k) 
f1 elseg(i,k) 
(i) 
= clothing area factor for body segment i (ND); 
= surface area k of body segment· i 'over which clothing layers 
are constant (m2); 
= local clothing area factor for section Sseg(i,k) of body segment i 
(ND), 
The intrinsic thermal insulation and vapour resistance for each body segment is then 
obtained through versions of equations 5,24 and 5.25 applicable to a single body 
segment, with variations in its clothing profile, These are as follows: 
I clseg(i) = 
and; 
I eclseg(i) = 
Where: 
lelseg(i) 
Ielseg(i,k) 
Ieelseg(i) 
leclseg(i,k) 
S(I) la 
S seg(i,k) fclseg(j) L 
. la 
'chegO,t) + fl 
clseg(i,k) 
(5.33) 
S(i) la (5.34) 
S .reg(i,k) iclseg(i) L 
, + la 
leclseg(i,k) fl 
dseg(i,k) 
= intrinsic clothing insulation for body segment i (m2,oc.WI); 
= local intrinsic clothing insulation for Sseg(i,k) of body segment i 
(m2,oC,W\ 
= intrinsic vapour resistance for body segment i (m2,kPa,WI); 
= local intrinsic vapour resistance for Sseg(i,k) of body segment i 
(m2 kPa,W I ), 
The terminology used in equations 5.33 and 5.34 is best illustrated with an arbitrary 
example, as provided in figure 5.5, This shows a cross section through a single 
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cylindrical segment of the LUT25-node model covered partly by two clothing items. 
S(i) 
Figure 5.5 
Distributed clothing model Jor the LUT25-node model. 
In figure 5.5 clothing item 2 has a larger !;,Icov than clothing item I. For this clothing 
arrangement there are three defined areas on the body segment. represented by S",g(i,I)' 
Sseg(i,2) and Sscg(i,J)' In S",g(i,l) the body segment is covered by both clothing items and the 
icl",g(i,l) and ieclseg(i,l) for this region of the body segment are respectively equal to the 
sum of !"Icov. Icclcov for clothing item 1. plus !"Icov and Icclcov of clothing item 2 divided by 
!;,\cov of clothing item I. The fl.:1",g(i,l) for S"'&(i,l) of the body segment is equal to f<\cov of 
clothing item 2. S",g(i)) is covered by clothing item 2 only and for this region icl",g(i))' 
icclscg(i,2) and fi.1s<g(i)) are respectively equal to !,,\cov. Iccl<ov and !;,I<ov for clothing item 2. 
Finally. Sseg(i,3) is uncovered and the iclSCg(i,3). icc1seg(i,J) and fl.:lsc&(i,3) for this region are O. 0 
and 1 respectively. 
Although the body segment in figure 5.5 is dressed from the left. the clothing model can 
cater for the dressing of the body segment from either side or simultaneously from both. 
Such a situation arises when it is necessary to dress the legs of the LUT25-node model 
with a pair of shorts and socks. which would cover the upper and lower parts of the legs 
respectively. 
Although the results from equations 5.32. 5.33 and 5.34 are the actual values used in the 
calculations of the clothing model. it is possible to further estimate a total clothing area 
factor and defined intrinsic insulation and Woodcock permeability index for the clothing 
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ensemble. The total clothing area factor for the ensemble is determined from an equation 
identical in form to that of equation 5.32 but is applicable to the whole clothing 
ensemble, where: 
(5.35) 
Similarly, the defined intrinsic clothing insulation and vapour resistance of the clothing 
ensemble can be estimated from equations identical in form to equations 5.33 and 5.34, 
where these are: 
(5.36) 
and: 
_
___ A-:oD ___ _ ~ 
led = S 
(i) icl L I 
Iec/seg(i) + e 
fcueg(j) 
(5.37) 
To provide a total im value for the clothing ensemble, the results from equations 5.35, 
5.36 and 5.37 can be substituted into equation 5.23. 
5.4 Concluding remarks 
This chapter discussed in detail the modifications and origins of the information used to 
alter the LUT25-node model. These have included enabling the model to allow for body 
size and heat acclimation in its predictions and improving its clothing model to sum and 
consider the distribution in the thermal and vapour properties of clothing items. For all 
the modifications made a rational approach has been adopted as far as possible to 
recreate in the model the same physical and physiological responses that occur in reality. 
Furthermore, detailed investigations of the published literature have been undertaken to 
ensure that all possible changes that could be introduced to the model have been 
considered. The next chapter tests the validity of the changes made by comparing 
predictions from the LUT25-node model with observed responses and experimental 
measures. 
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CHAPTER 6 
Validation of the modified LUT25-node model 
6 Validation of the modified LUT25-node model 
The validation of changes made to mathematical models must always be systematic. 
When modifYing the LUT25-node model the following 3-stage validation has been 
adopted: First, arithmetic checks ensure that calculation errors are eliminated; second, 
predictions from the model are checked for qualitative agreement with the expected 
human thermal response; third, quantitative checks test the accuracy of the model to 
predict the human thermal response. 
Results from arithmetic checks are of limited interest to the user of the model, as these 
only confirm its mathematical integrity and structure. Hence, to aid in the clarity of this 
text, the results from these studies are omitted. Instead, only those assessments of the 
model's performance of most interest to the user are presented (ie those testing the 
qualitative and quantitative agreement of the model with the human thermal response). 
To achieve this, results from previous experiments conducted at CHS, in addition to data 
contained in the published literature, were used to validate the predictions from the 
LUT25-node model. To differentiate between the separate modifications made to the 
LUT25-node model these are referred to in the following passages as the 
anthropometric, heat acclimated and distributed LUT25-node models respectively. 
These terms respectively indicate the modifications made to the anthropometry, heat 
acclimation and clothing model of the LUT25-node model. 
6.1 Validation of the anthropometric LUT25-node model 
The validation of the anthropometric LUT25-node model consisted of both a qualitative 
and quantitative analysis of its predictions. The qualitative analysis investigated the 
affect that changing the LUT25-node model's body size and percentage body fat has on 
its predicted thermal response. The quantitative assessment determined the· benefit this 
modification has on the accuracy of the model to predict individual subject responses, 
based on their physical characteristics. 
6.1.1 Qualitative validation 
The following relationships between the human thermal response, body size and 
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percentage body fat were established in section 5.1: 
in hot dry conditions body surface area to mass ratio (AdM) has a 
negative impact on the human thermal response; 
11 in hot wet conditions a positive relationship exists between AdM and the 
human thermal response; 
111 body fat has little impact on the human thermal response in either hot dry 
or hot wet conditions; 
IV in the cold, body fat has a positive influence on the human thermal 
respClnse; 
v AdM has an inverse affect on the human thermal response in the cold. 
The qualitative validation of the anthropometric LUT25-node model was conducted to 
confirm that its predictions follow these general observations with alterations in its body 
size and percentage body fat. 
6.1.2 Methodology 
The qualitative validation investigated the LUT25-node model's predictions for three 
ideal simulated groups of subjects, exposed to a variety of environmental conditions. 
The anthropometric details of these groups, including those of the 'standard' LUT25-
node model, are presented in table 6.1. Predictions from the 'standard' LUT25-node 
model were compared with the thermal predictions for each group of subjects. 
The groups were designed to test the ability of the LUT25-node model to predict the 
responses of subjects with, I) identical AdM and percentage body fats (group I), 2) 
identical AdM and varying percentages of body fat (group 2), and 3) differing AdM 
and identical body compositions (group 3). Apart from the 'standard' LUT25-node 
model, the body dimensions of all the other simulated subjects were not intended to 
reflect any particular group of individuals, but were chosen arbitrarily to represent the 
extremes of human percentage body fat and size. This would lead to maximum, but 
realistic deviations in the predictions from the LUT25-node model. 
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Each group of subjects were exposed to environments with air (t.) and mean radiant 
temperatures (I,-) ranging between -10 and 50 QC, set at successive intervals of 5 QC. For 
each test, air speed (v.) was held at 1.0 m.s-', relative humidity (rh) at 30 %, 1.:, at 0.5 clo, 
~, at 1.155, and im at 0.5. Each subject exercised at 3.27 W.kg-' (body mass). TIlls 
exercise rate excludes the basal metabolic rate of each simulation, so allowing for 
changes in the basal metabolic rate of the model with body size. Exposure periods lasted 
two hours, and output from the model was gathered at 5-minute intervals. 
In addition to these runs of the model, a further set of predictions were obtained with the 
same three simulated groups, with rh raised to 80 %, and t. and I,- ranging between 20 
and 50 QC. All other inputs to the model were maintained at the conditions already 
defined. These additional runs of the model were performed to test its predictions under 
hot wet conditions. 
Group 
number 
'Standard' 
model 
Group 1 
Group 2 
Group 3 
Subject Height Mass (kg) Surface % body 
number (m) area (m') fat 
I 1.72 74.47 1.89 15.00 
2 2.20 100.00 2.53 15.00 
3 1.27 50.00 1.27 15.00 
4 2.20 100.00 2.53 25.00 
5 2.20 100.00 2.53 5.00 
6 1.27 50.00 1.26 25.00 
7 1.27 50.00 1.26 5.00 
8 2.50 100.00 2.78 15.00 
9 2.00 100.00 2.36 15.00 
10 1.50 50.00 1.43 15.00 
11 1.00 50.00 1.07 15.00 
Table 6.1 
Anthropometry of the simulated subjects used in the qualitative 
validation of the anthropometric LUT25-node model. 
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6.1.3 Results 
Trunk core and mean skin temperature were used to assess the difference in the 
responses of each simulated subject within each group. Numerous predictions were 
obtained from the model and these are summarised in the results as histograms, detailing 
the total rise or fall in the temperature predictions (trunk core and mean skin 
temperature) over the two-hour exposure. 
6.1.3.1 Results: Identical AdM and percentage body fat (group 1) 
Figures 6.1 and 6.2 respectively illustrate the total change in trunk core and mean skin 
temperature of the subjects in group I. These show that in both the hot dry and cold 
conditions the change in trunk core and mean skin temperature of the simulated subjects 
are almost identical. The greatest difference between the results is 0.04 °C for the trunk 
core and 0.21 °C for the mean skin temperature. Similar results are observed in the hot 
wet conditions (figures 6.3 and 6.4). 
6.1.3.2 Results: Identical AdM and differing percentage body fat (group 2) 
In the hot dry conditions (above 25°C) there is less than 0.05 °C difference between the 
trunk core temperature rise of the simulations in group 2 and less than 0.3 °C difference 
in their mean skin temperature rises. These differences are presented in figures 6.5 and 
6.6 respectively. For clarity, the results from simulations 6 and 7 have been omitted 
from these figures. The same small differences in temperature rise are also observed in 
the hot wet environment (figures 6.7 and 6.8), demonstrating that body fat has little 
impact on the predictions from the LUT25-node model in both hot dry and hot wet 
conditions. 
Below 25°C simulations with a higher percentage body fat demonstrate a greater rise 
and eventually lower drop in trunk core temperature than simulations with less fat 
(figure 6.5), as air and mean radiant temperature reduces. Alternatively, figures 6.6 and 
6.8 show that below 25°C, fatter simulations demonstrate a greater fall in their mean 
skin temperature than simulations with less fat. Consequently, during cold exposures the 
model predicts a negative relationship between body fat and fall in trunk core 
temperature. Conversely, it estimates that a positive association exists between body fat 
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and the fall in mean skin temperature on exposure to cold environments. 
6.1.3.3 Results: Differing AofM and identical percentage body fat (group 3) 
Figure 6.9 illustrates the trunk core temperature rise for the simulated subjects in group 3 
when exposed to cold and hot dry environmental conditions. As in figure 6.5 there is an 
obvious difference in the trunk core temperature changes of the simulations below 25 
QC; simulations with a higher AdM possess a lower rise in trunk core temperature. 
However, although there are differences in the mean skin temperature changes below 25 
QC, these show no obvious trends (figure 6.1 0). 
Above 25 QC (figure' 6.9) there is an observable difference in the trunk core temperature 
changes of the simulations. Those possessing the highest AdM produce the lowest rise 
in trunk core temperature. The differences however are not as pronounced as they are 
below 25 QC. Mean skin temperature demonstrates a similar trend above 25 QC, where 
simulations with lower AdM demonstrate the highest temperature rise. 
On exposure to hot wet conditions (figure 6.11) the model again predicts a greater trunk 
core temperature rise in simulations with lower AdM, up to an air and mean radiant 
temperature of 40 QC. However, beyond this environmental limit the situation is 
reversed, with simulations with lower AdM demonstrating a lower rise in trunk core 
temperature. A similar pattern of results is also observed in the mean skin temperature 
changes in the hot wet conditions (figure 6.12). 
6.1.4 Discussion 
The qualitative validation demonstrates that the model does respond correctly to changes 
in its body size and percentage body fat, based on observed responses reviewed in 
section 5. L Previous results from the LUT25-node model produced a similar outcome 
(Neale et aI, 1995) though the modifications made to the model at this stage of its 
development were not as extensive as those that the model presently possesses. 
The validation shows that for cold air exposures, the model predicts a positive 
relationship between internal body temperature and percentage body fat, and a negative 
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one between internal body temperature and AdM. Identical relationships were predicted 
by a spherical model presented by Webb (1980). 
In the heat the model indicates that body fat has little impact on the human thermal 
response, while in moderately hot coiJ(litions there is an inverse relationship between the 
thermal response and AdM. It is noticeable however, that the differences in the thermal 
responses are not as large in the heat as they are in the cold. 
In hot humid environments, where air temperature is above skin temperature, the model 
predicts that individuals with a higher AdM ratio suffer a greater thermal strain. Similar 
results were achieved by Austin and Lansing (1986) who adapted Stolwijk and Hardy's 
original 25-node thermoregulatory model to investigate the impact of body size on the 
human thermal response. However, their simulations worked at five times their resting 
metabolic rate rather than in proportion to their relative body mass. As in· the present 
LUT25-node model,.the resting metabolic rate of their model is dependent on its surface 
area. Hence, this could have favoured the results they observed, as simulations with a 
lower AdM would generate proportionally less metabolic heat (in relation to body 
mass) than simulations with a higher AdM. 
Discrepancies between the relative amounts of work produced by subjects could have 
also affected the experimental measures reviewed in section 5.1. This deficiency of 
experimental investigations highlights the benefit of using human thermoregulatory 
models to make qualitative estimates of the human thermal response. Models perform 
predictions under ideal conditions where it is possible to investigate the isolated 
influence of anyone physical parameter on the human thermal response, while 
standardising all others. In experimental trials this is complicated by inter-subject 
variability relating to alterations in their other physical (body size, somatotype, 
percentage body fat) and physiological characteristics (thermoregulatory responses, 
physical fitness, acclimation state, work rates). An example of the compounding 
variables influencing experimental measures is provided by Piwonka et al (1965). They 
investigated the thermal responses of two groups of subjects (trained and untrained) at a 
high thermal stress (t. = t,. = 40°C) and low rh. The trained individuals, who were much 
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slender and fitter then the untrained group, possessed a lower thermal strain (lower final 
and rise, in rectal temperature) than the untrained subjects. AB they suggest, their results 
were probably influenced by the differences in the physical (AofM) and physical fitness 
of their experimental subjects. 
6.1.5 Quantitative validation 
The quantitative validation compared predictions from the anthropometric and 'standard' 
LUT25-node models with responses measured in two experimental trials conducted at 
CHS (trial I and trial 2). In these trials the heights, weights and percentage body fats of 
the experimental subjects were measured. This made it possible to make direct 
comparisons between the predictions from the anthropometric and 'standard' LUT25-
node models with individual subject responses. 
6.1.6 Statistical method 
To qualifY the accuracy of the predictions from the anthropometric and 'standard' 
LUT25-node models, a summary statistic was used; the Root Mean Square Deviation 
(RMSD). This statistic was used by Haslam (1989) and Haslam and Parsons (1989,94) 
when validating the original LUT25-node model. It has also been adopted by further 
investigators to validate the predictions of their models (Richardson, 1988b, Kraning, 
1991,95). It is calculated with the following formula: 
RMSD= (6.1) 
Where: 
n = number of observed temperatures (ND); 
d = difference between observed and predicted response (OC). 
Previously the RMSD has been used to compare, the standard deviation of measured 
responses and the deviation of the predicted values from the mean measured response. 
For this validation, it is used to compare the accuracy of the anthropometric and 
'standard' models to predict individual subject responses. 
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6.1.7 Methodology: CHS internal trial 1 (Millard et ai, 1994a,b) 
Thirteen male subjects were committed to several environmental exposures, while 
dressed randomly for each exposure in one of the following ensembles - British Army 
Combats, British Army NBC 3 Romeo and Royal Navy NBC. Tables 6.2 and 6.3 
respectively detail the thermal and vapour properties of the clothing ensembles, and the 
anthropometric details of the experimental subjects. The method used to obtain the 
clothing properties are contained in a separate report (Neale et ai, 1996a). Environmental 
conditions for all experiments were the same; 1" = t,. = 35°C, rh = 0.5 and v, = 1.1 m.s· l 
with subjects walking on a level treadmill at 1.34 m.s· l (350 W) for a period of 100 
minutes, or until a withdrawal criteria was reached. The experimental runs were also 
repeated after 10 days heat acclimation. 
For each exposure, the number of subjects that participated varied due to the availability 
of the participants to conduct the experiments. Furthermore, several of the subjects 
found the exposures stressful when wearing the British Army and Navy NBC ensembles 
and were unable to complete the full 100 minute exposure. 
Clothing ensemble 
~ritish Army 
Combats 
British army NBC, 3 
~omeo 
[Royal Navy NBC 
Intrinsic clothing Clothing area Clothing 
insulation, Icl (clo) factor, fcl permeability index, 
im 
0.90 1.20 0.40 
1.68 1.20 0.29 
2.01 1.20 0.35 
Table 6.2 
Thermal and vapour properties of the clothing ensembles 
worn in CHS internal trial] (Millard et ai, ]994a,b). 
Predictions from the models were compared with the thermal responses measured on 
both the unacclimated and acclimated SUbjects. It was felt that heat acclimation might 
standardise the physical fitness of the subjects and yield better comparisons between the 
predictions from the anthropometric model and the measured responses, than those 
produced by the 'standard' model. Trunk core and mean skin temperature were the 
predictions used to compare the accuracy of the anthropometric and 'standard' LUT25-
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node models. Again, as in the qualitative validation, a large number of predictions were 
obtained from the validation and so the results are summarised in the form of histograms 
detailing the RMSD of the models' predictions from the measured responses. 
One advantage .the anthropometric model has over the 'standard' LUT25-node model, is 
its capability to estimate the spread in a groups thermal response. Consequently, to test 
the ability of the model to do this, the standard deviation of its predictions were 
compared with those of the subjects' thermal responses for each experimental exposure. 
Subject number Height (m) 
1 1.71 
2 1.79 
3 1.69 
4 1.79 
5 1.69 
6 1.77 
7 1.78 
8 1.82 
9 1.67 
10 1.81 
11 1.76 
12 1.47 
13 1.88 
Mass (kg) Surface area (m') % body fat 
73.51 1.85 ·15.60 
92.97 2.11 17.00 
76.58 1.87 22.30 
75.65 1.94 12.10 
58.86 1.67 14.90 
81.68 1.98 21.20 
72.29 1.89 15.50 
76.02 1.96 7.10 
69.50 1.77 11.70 
65.90 1.84 8.90 
74.68 1.90 14.00 
74.72 1.67 19.60 
71.56 1.96 8.80 
Table 6.3 
Anthropometry of the experimental subjects involved 
in CHS internal trial 1 (Millard et al. 1994a, b). 
6.1.8 Results: CHS internal trial! 
When wearing British Army Combats and unacclimated, the anthropometric model 
provided closer estimates of the measured rectal and mean skin temperature responses 
than the 'standard' model on the majority of occasions. This is demonstrated in figures 
6.13 and 6.14. These show that on 6 out of 11 occasions, the trunk core and mean skin 
temperature RMSD of the anthropometric model are lower than those of the 'standard' 
model. With heat acclimation the results improved, with the anthropometric model 
possessing 8 out of 12 lower RMSD from the measured results than the 'standard' model 
(figure 6.15 and 6.16). 
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Under the more stressful conditions of the British Army NBC ensemble the 
anthropometric model managed to predict a smaller RMSD trunk core temperature than 
the 'standard' LUT25-node model on three out of twelve occasions for the unacclimated 
state and on four out of twelve for the accIimated condition (figures 6.17 and 6. I 8 
respectively). For the unacclimated mean skin temperature responses, the 
anthropometric model produced lower RMSD than the 'standard' model on four out of 
twelve occasions (figure 6.19). This situation improved to six with heat accIimation 
(figure 6.20). 
For the Royal Navy NBC ensemble (unaccIimated), only four out of ten of the 
anthropometric model's trunk core temperature predictions were lower than those of the 
'standard' model (figure 6.21). With heat accIimation four out of twelve of the 
anthropometric model's RMSD trunk core temperature predictions were lower than 
those of the 'standard' model (figure 6.22). The same number of successes for ~e 
anthropometric model were also achieved for the unacclimated mean skin temperature 
predictions (figure 6.23), though the situation did improve with heat acclimation, with 
the anthropometric model providing closer predictions than the 'standard' model on 
seven out of twelve occasions (figures 6.24). 
Finally, the mean standard deviations of the predictions from the anthropometric model 
were compared with those of the measured responses. Figure 6.25 shows the mean 
standard deviations in the measured rectal and predicted trunk core temperature 
responses over all the exposures. On all occasions the mean standard deviation of the 
measured responses are larger than those predicted. The greatest differences between the 
results is 0.14 °C which occurs when the subjects are heat acclimated and wearing the 
Royal Navy NBC ensemble. Alternatively, the smallest difference in the results (0.05 
0c) is during the exposure in which the subjects are unacclimated and exerCising in the 
Army Combats. However, closer examination of the predicted trunk core standard 
deviations for each time increment of the exposures, reveals that those at the onset of the 
exposure are much smaller than those measured (less than half), but approach the 
standard deviation of the measured responses as the exposure develops. This effect is 
illustrated in figure 6.26, which shows how the standard deviation of the measured and 
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predicted trunk core temperatures vary during the exposure in which the subjects are 
unacclimated and wearing Anny Combats. Clearly, if the predicted RMSD early on in 
the exposures were neglected, a closer estimate of the mean measured rectal standard 
deviations could be achieved. 
Figure 6.27 presents the mean standard deviation of the measured and predicted mean 
skin temperature responses. Here too the anthropometric model underestimates the mean 
standard deviation of the measured skin temperature responses. The least difference in 
the results is 0.21 QC (Anny NBC, unacclimated) and the greatest 0.45 QC (Anny 
Combats, unacclimated). Again, as with the standard deviation of the predicted trunk 
core temperature responses, the predicted mean skin temperature deviations at the 
beginning of each exposure are considerably lower than those towards the end of the 
exposure. However, even towards the end of each exposure, the individually predicted 
standard deviations struggle to reach the measured values. Figure 6.28 shows an 
example of this when the subjects are unacclimated and wearing the British Anny 
Combats. 
6.1.9 Methodology: CHS internal trial 2 (O'Connor 1996) 
CHS internal trial 2 was designed to investigate the impact of a rising thermal strain on 
cognitive function. Fourteen subjects rested for six hours in an elevated thermal 
environment (t. = t,. = 36.5 QC), with Va = 0.3 m.s·1 and rh = 80 %. Subjects wore an 
outfit with an estimated J."I of 0.96 clo, from which an i;;1 was calculated with equation 
C.9 provided in Appendix C. The im of the outfit was estimated at 0.4, while the average 
metabolic heat production was estimated at 10S Watts. Prior to the experiments, the 
basic anthropometries of the subjects were measured (as detailed in table 6.4), and 
during the experiments the rectal and skin temperatures of the subjects (as performed on 
the chest, arm, calf and thigh) were recorded. 
Predictions from both the 'standard' and anthropometric LUT2S-node models were 
compared with the experimental measures. Poor measurements were obtained from 
subject nine and these measures were omitted from the analysis. Furthermore, because 
of the long exposure time, subjects were fed around 2.S hours into the experiment. The 
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British Army Combats (unacclimated): RMSD of anthropometric 
and 'standard' LUT25-node models' trunk core temperature 
responses from measured rectal temperature responses. 
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Figure 6.14 
British Army Combats (IInacclimated): RMSD of anthropometric 
and 'standard' LUT25-node models ' mean skin temperature 
responses from measured mean skin temperature responses. 
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British Army Combats (accLimated): RMSD of anthropometric 
and 'standard' LUT25-node models ' trllnk core temperature 
responses from measured rectal temperature responses. 
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Figure 6.16 
British Army Combats (acclimated): RMSD of anthropometric 
and 's tandard' LUT25-node models' mean skin temperature 
responses from measured mean skin temperature responses. 
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Figure 6.17 
British Army NBC (unacclimated): RMSD of anthropometric 
and 'standard' LUT25-node models' trunk core temperature 
responses from measured rectal temperature responses. 
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Figure 6.18 
British Army NBC (acclimated): RMSD of anthropometric 
and 'standard' LUT25-node models ' trunk core temperature 
responses from measured rectal temperature responses. 
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Figure 6.19 
British Army NBC (unacciiml1ted): RMSD of anthropometric 
and 'standard' LUT25-node models' mean skin temperature 
responses from measured mean skin temperature responses. 
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Figure 6.20 
British Army NBC (acC/imated): RMSD of anthropometric 
and 'standard' LUT25-node I1Wdels' mean skin temperature 
responses from measured mean skin temperature responses. 
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Figure 6.21 
Royal Navy NBC (unacclimated): RMSD of anthropometric 
and 'standard' LUT25-node models' trunk core temperature 
responses from measured rectal temperature responses. 
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Figure 6.22 
Royal Navy NBC (acclimated): RMSD of anthropometric 
and 's tandard' LUT25-node models' trunk core temperature 
responses from measured rectal temperature responses. 
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Figure 6.23 
Royal Navy NBC (unacclimated); RMSD of anthropometric 
and 'standard' LUT25-node models ' mean skin temperature 
responses from measured mean skin temperature responses. 
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Figure 6.24 
Royal Navy NBC (acclimated); RMSD of anthropometric 
and 'standard' LUT25-node models ' mean skin temperature 
responses from measured mean skin temperature responses. 
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Figure 6.26 
Standard deviation in the measured rectal and predicted trunk core temperature 
responses with unacclimated subjects wearing British Army Combats. 
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Figure 6.28 
Standard deviation in measured and predicted mean skin temperature 
responses with unacclimated subjects wearing British Army Combats. 
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experimental graphs also indicate that factors such as dehydration could have influenced 
the results, although subjects were allowed to drink adlibitum. Consequently, only the 
first 2.5 hours of the measured responses were compared with those predicted by the 
model. AI; with the previous quantitative validation, results are summarised as 
histograms detailing the RMSD of the predicted from the measured responses. 
Subject Height (m) 
number 
I 1.67 
2 1.83 
3 1.85 
4 1.81 
5 1.75 
6 1.73 
7 1.75 
8 1.80 
9 1.80 
10 1.68 
11 1.89 
12 1.80 
13 1.70 
14 1.80 
6.1.10 Results: CHS internal trial 2 
Weight (kg) % body fat 
67.84 9.97 
78.97 17.06 
70.67 14.50 
82.55 21.50 
81.47 14.43 
56.61 15.62 
70.04 19.84 
82.76 12.27 
81.80 22.60 
78.34 26.68 
100.54 23.84 
72.41 12.68 
75.70 17.32 
67.05 18.92 
Table 6.4 
Anthropometries o/subjects involved in 
CHS internal trial 2 (O'Conner 1996). 
As reflected in the previous validation (trial I ), the results from this study also show that 
the anthropometric LUT25-node model struggles to compete with the 'standard' LUT25-
node model to predict a lower RMSD of measured thermal responses. Figure 6.29 shows 
the RMSD of the models' trunk core temperature predictions from the measured rectal 
temperature responses. Only on five out of thirteen occasions does the anthropometric 
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model predict a lower RMSD than the 'standard' model. The same number of successes 
for the anthropometric model is also seen in the results for the mean skin temperature 
predictions (figure 6.30). 
With regard to the distribution of the predictions provided by the anthropometric 
LUT25-node model, this under estimates the distribution of the measured responses. The 
mean standard deviation of the predicted trunk core temperature responses was 0.12 °C 
compared with 0.29 °C for the measured rectal temperature responses. A larger 
difference exists between the mean skin mean standard deviations, with the model 
predicting a mean standard deviation of 0.04 °C compared with 0.30 °C for the 
measured response. 
6.1.11 Discussion 
Contrary to the positive results obtained from the qualitative assessment of the 
anthropometric model, results from its quantitative validation were less rewarding. 
These illustrate on the majority of occasions (around 60 %) that the anthropometric 
model fails to produce a more accurate prediction of subject rectal and mean skin 
temperature responses than the 'standard' LUT25-node model. Cooper (1986), who 
modified an earlier version of the LUT25-node model to consider the impact of body 
size on the human thermal response, arrived at a similar conclusion. However, this 
modification of the LUT25-node model only allowed for alterations in subject surface 
area and heat capacity. Furthermore, the accuracy of the predictions from the model 
were measured by visual inspection only and not by systematic analysis (RMSD). 
The results from the validation of the anthropometric LUT25-node model should be put 
into perspective. For instance, inspecting the temperature plots reveals that predictions 
from the anthropometric and 'standard' models are very similar in around 40 % of the 
subject responses. Examples of this are presented in figures 6.31 and 6.32, which present 
the measured and predicted rectal (trunk core) and mean skin temperature responses for 
subject 1 when heat acclimated and wearing British Army Combats. This compares with 
the predicted temperature responses (predicted trunk core, figure 6.33 and mean skin 
temperature, figure 6.34) for subject 13 under the same clothing and acclimated state, 
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Figure 6.29 
RMSD of anthropometric and 'standard' LUT25-node models ' trunk 
core temperatures from measured rectal temperature responses. 
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Figure 6.30 
RMSD of anthropometric and 'standard' LUT25-node models' mean 
skin temperatures from measured mean skin temperature responses. 
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where there are obvious differences seen in the responses of the anthropometric and 
'standard' UJf25-node models. This point is consolidated by the fact that in over 70 % 
of the cases the difference in the RMSD of the anthropometric and 'standard' models 
RMSD is less than 0.1 °C. However, when these examples are omitted from the results, 
the anthropometric model still only provides a more accurate prediction of the measured 
responses than the 'standard' model on 40 % of possible occasions. 
In all exposures, the measured initial mean skin temperature responses are higher than 
those predicted by the models. Furthermore, on the majority of occasions the initial 
measured trunk core temperature responses are higher than those predicted. This point 
can be seen illustrated in figures 6.32-6.34, but is further emphasised in figures 6.35 and 
6.36. These show the rectal and mean skin temperature predictions for subject 10 when 
heat acclimated and wearing the British Army NBC ensemble. It is conceivable that 
these large initial differences between predicted and measured temperature responses is 
partly due to a pre-conditioning of the subjects to the experimental environment prior to 
the start of the exposure and the first thermal physiological measures. This is certainly 
true of CHS internal trial 1 (section 6.1.7), where it is known that short periods of time 
existed between the subjects donning the experimental ensembles, entering the climatic 
chamber and making the first thermal physiological measures for the start of the 
experiment. During this time, normal resting rectal and mean skin temperatures could 
have been influenced by the clothing ensembles and by the change in environmental 
conditions. Additionally, there will have been increases in the subjects activity when 
transferring from the preparation room to the environmental chamber. This disruption 
would upset the thermal homeostasis of experimental subjects, causing the initial 
measured responses to be higher than those at thermal neutrality. It is not possible to 
confirm whether this would lead to a more favourable result for the anthropometric 
model over the 'standard' model without conducting all the simulations again. However, 
it is possible to appreciate from figures 6.35 and 6.36, that starting with an initially 
higher trunk core and mean skin temperature prediction for the anthropometric and 
'standard' models, by introducing an initial period of preconditioning, would improve 
the accuracy of the predictions from the anthropometric model. 
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Figure 6.31 
Measured rectal and predicted trunk core temperature responses jor 
subject 1, when heat acclimated and wearing British Army Combats. 
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Figure 6.32 
Measured and predicted mean skin temperature responsesjor subject J, 
when heat acclimated and wearing British Army Combats. 
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Measured rectal and predicted trunk core temperature responses for 
subject J 3, when heat acclimated and wearing British Army Combats. 
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Figure 6.34 
Measured and predicted mean skin temperature responses for 
subject 13, when heat acclimated and wearing British Army Combats. 
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Measured rectal and predicted trunk core temperature responses jar 
subject 10, when heat acclimated and wearing British Army NEe. 
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Figure 6.36 
Measured and predicted mean skin temperature responses jar 
subject 10, when heat acclimated and wearing British Army NEe. 
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The quantitative validation of the anthropometric model has established that it is unable 
to provide more accurate predictions of individual subject responses than the 'standard' 
LUT25-node model, though questions are raised on the significance of these results. 
Alternatively, this model does provide an insight into the impact that body size and 
composition has on the human thermal response and on the variability that can be 
expected in the thermal responses within a population of subjects. Combining the 
predictions from both models thus provides a better approximation of subject responses 
than the 'standard' model on its own. 
6.2 Validation of the heat acclimated LUT25-node model 
The validation of the acclimated LUT25-node model consisted of a qualitative 
assessment checking the behaviour of the model with that of the human thermal 
response. A further quantitative assessment compared the predictions from the 
'standard' and heat acc1imated models with experimental data in order to compare the 
accuracy of their predictions. 
6.2.1 Qualitative validation 
The qualitative assessment compared the responses from the heat acclimated LUT25-
node model with those observed in heat acc1imated experimental subjects. These were 
highlighted in section 5.2.1. The fundamental differences observed in the thermal 
responses of heat acclimated subjects over unacclimated ones are, a lower resting core 
temperature, lower core and skin temperature responses during hot experimental 
exposures, a reduced rate of rise in both core and skin temperatures, and an increased 
peripheral blood flow and moisture (sweat) loss. Having heat acclimated the LUT25-
node model it is expected that it should react in a similar manner. 
6.2.2 Methodology 
The qualitative assessment involved operating the model under a t. and t,. = 49 QC, v. = 
1.4 m.s- I, rh = 0.2, IcI = 0.2 clo, fcl =1.06, im = 0.45, while working at a metabolic heat 
production = 175 W.m-2, for a simulated exposure of 2 hours. The number of days heat 
acclimation for the model was varied from 0 to 12 and the differences in the 
thermoregulatory responses of the model with heat acclimation were investigated. 
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6.2.3 Results 
Figure 6.37 illustrates the change in the resting trunk core and mean skin temperature of 
the LUT25-node model with heat acclimation. This shows that as the acclimation of the 
model increases, the resting or initial trunk core and mean skin temperatures reduce, 
though the fall in resting mean skin temperature is not as pronounced as the fall in trunk 
core temperature. 
The influence heat acclimation has on the transient trunk core and mean skin 
temperature predictions are illustrated in figures 6.38 and 6.39. As the acclimation of the 
LUT25-node model increases, the rise in predicted trunk core and mean skin 
temperatures reduce. The rise in predicted trunk core temperature for the two-hour 
exposure reduces from 1.27 to 0.97 °C, while the rise in mean skin temperature reduces 
from 2.74 to 2.38 0c. 
Graphs were created detailing the affect heat acclimation has on the sweat and skin 
blood flow responses of the LUT25-node model. Figure 6.40 shows how the difference 
between final and initial skin blood flow for the two-hour exposure changes with heat 
acclimation, while figure 6.41 shows the change in predicted sweat loss. Both figures 
demonstrate that as heat acclimation increases the difference between the final and initial 
skin blood flow and sweat loss for the LUT25-node model increases. 
6.2.4 Discussion 
The qualitative assessment demonstrates the ability of the heat acclimated LUT25-node 
model to mimic the responses of heat acclimated subjects. It shows that as heat 
acclimation increases the model predicts a lower resting trunk core temperature, lower 
and lower rates of rise in trunk core and mean skin temperature, and higher rates of skin 
blood flow and sweat loss for any given value of or rate of change in trunk core and 
mean skin temperature. Figure 6.37 also illustrates reductions in resting mean skin 
temperature with heat acclimation. This is a response not usually observed in 
experimental subjects. As discussed in section 5.2.3.1, this reaction is an unavoidable 
consequence of altering the model to produce a drop in its resting trunk core temperature 
with acclimation. To combat the drop in resting mean skin temperature, basal skin blood 
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Change in the resting trunk core and mean skin temperature 
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Figure 6.38 
Predicted trunk core temperature rise with heat 
acclimotion in the LUT25-node model. 
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flow was increased and this has reduced the drop in resting mean skin temperature to a 
value lower than that in resting trunk core temperature. 
6.2.5 Quantitative validation 
The data for the quantitative validation of the heat acclimated model derived from three 
independent sources. Two sets came from the published literature (Mitchell et al, 1976 
and Avellini et al, 1980b), while the third was the data obtained in internal trial I as used 
to validate the anthropometric model (Millard et al, I 994a,b ). Rectal (= trunk core) 
temperature and mean skin temperature were the physiological responses compared, as 
measured in the experimental trials and predicted by the 'standard' and heat acclimated 
LUT25-node models. Additional sets of predictions were obtained from the heat 
acclimated LUT25-node model with a 5 % reduction in its metabolic heat production. 
This allowed for reductions in metabolic heat production commonly observed in heat 
acclirnated subjects over unacclimated ones. To compare the accuracy of the heat 
acclimated predictions over those of the 'standard' model, the RMSD was used. 
6.2.6 Methodology: Mitchell et aI, 1976 
Four young, exercise conditioned men were exposed to the heat for 10 consecutive days. 
During heat acclirnation subjects (wearing only shorts) exercised for four hours per day 
on a bicycle ergometer at a work output of 75 Watts resulting in a metabolic heat 
production of 400 W. Given the small amount of clothing worn the model made 
predictions for nude subjects; ie (,,1 = 0 clo, fcl = I and im = 0.5. The environmental 
conditions were a t" and t, of 45°C, a va of I m.s·1 and a rh of 42 %. The measured data 
relate to the final day of heat exposure. 
6.2.7 Results 
The predicted and measured temperature responses are presented in figures 6.42 and 
6.43. Measured mean skin temperature data was unavailable for the first 30 minutes of 
the exposure. 
One of the first features to notice about the graphs is that there is very little difference 
between the predictions from the heat acclimated model with a normal and a 5 % 
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reduction in its metabolic heat production. Consequently, reference to the heat 
acclimated model below only concerns the one with the complete metabolic heat 
production. 
During the first 60 minutes of the exposure the heat acclimated model has the most 
accurate rectal temperature predictions (figure 6.42), with a RMSD of 0.22 °C compared 
with 0.33 °C produced by the 'standard' (unacclimated) model. For the whole exposure, 
the 'standard' model provided the best estimate of the experimental data as reflected by 
the RMSD; 0.23 °C and 0.41 °C for the 'standard' and heat acclimated models 
respectively. 
Figure 6.43 shows that both models over-predict the measured mean skin temperature 
for the majority of the exposure. As the heat acclimated model predicts a lower skin 
temperature than the 'standard' model, its predictions are more accurate. However, the 
maximum difference between the measured and acclimated prediction is still about 1°C, 
occurring at 120 minutes. _ 
6.2.8 Methodology: AvelIini et al1980b 
Ten men exercised for four hours in hot-dry conditions (t. and 1,. = 49°C, va = I m.s· l 
and rh = 20 %), with each hour of the exposure consisting of fifty minutes work and ten 
minutes rest. The work regime involved walking on a level treadmill at 1.34 m.s- l 
(equivalent to 200 W.m-\ while subjects wore only shorts, T-shirts, socks and shoes. 
As no detailed information is provided on the thermal properties of the clothing, clothing 
inputs to the model assumed subjects were nude. Prior to the experiments, trial subjects 
were heat acclimated for six days at two hours per day in the same environmental 
conditions. 
6.2.9 Results 
Subject responses were measured every hour at the end of the exercise period, while the 
predictions from the model were output every 5 minutes. This explains why the 
predicted rectal and mean skin temperature responses in figures 6.44 and 6.45 possess 
drops during the rest cycles, and the measured responses do not. Again, the difference in 
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the predictions from the heat acclimated model with a normal and a 5 % reduction in 
metabolic heat production were almost identical and so no further reference is made to 
the model with a 5 % reduction in its metabolic heat production. 
The measured rectal temperature reSponse lies in between the trunk core temperature 
predictions of the heat acclimated and 'standard' models (figure 6.44). The information 
on the measured rectal temperature responses is limited. However, using these data 
points the heat acclimated model demonstrates a slightly lower RMSD (0.35 0c) than 
the 'standard' model (0.37 0c). 
Both models over predict mean skin temperature (figure 6.45), except at the begirming 
of the exposure when the measured response is higher than all three predictions. As the 
heat acclimated model predicts lower skin temperatures than the 'standard' model its 
mean skin temperature predictions are more accurate (RMSD = 1.37 0c) than those of 
the 'standard' model (RMSD = 1.46 0c). 
6.2.10 Methodology: CHS internal trial (Millard et ai, 1994a,b) 
The methodology for the internal trial is detailed in section 6.1.7. 
6.2.11 Results 
British Army Combat clothing: Apart from the first 15 minutes of the exposure, figure 
6.46 shows the closest rectal temperature predictions for the Army Combat clothing are 
provided by the acclimated model with a 5 % reduction in metabolic heat production. 
This is reflected in the RMSD's for each model, with values of 0.32 °C, 0.44 °C and 
0.78 °C predicted by the heat acclimated model with reduced metabolic heat production, 
the heat acclimated model and the 'standard' model respectively. However, beyond 50 
minutes exposure all predictions from the models diverge from the measured results. 
The RMSD of the mean skin temperature predictions are 1.62 °C, 1.79 °C and 1.86 °C 
for the heat acclimated (5 % reduced metabolic heat), the heat acclimated and 'standard' 
models respectively. The large RMSD of the predictions is a consequence of the 
progressive deviation between predicted and observed responses after 30 minutes. The 
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maximum deviation between predicted and observed responses occurs at the end of the 
exposure and is above 2.5 0c. 
British Army NBC ensemble: In this experiment the conditions were oppressive due to 
the increased intrinsic insulation arid reduced water vapour permeability of the clothing 
worn. Consequently, a number of subjects were unable to complete the full exposure. 
The illustrations of rectal and mean skin temperature (figures 6.48 and 6.49) indicate the 
point at which subjects withdrew. 
Overall, the heat acclimated model with reduced metabolic heat production provided 
slightly better estimates of the observed rectal (RMSD = 0.47 0c) and mean skin 
temperature responses (RMSD = 1.57 0c) than the heat accIimated (RMSD = 0.62 °C 
rectal and 1.75 °C mean skin temperatures) and 'standard' models (RMSD = 0.86 °C 
rectal and 1.88 °C mean skin temperature). However, during the first twenty minutes of 
the exposure, the 'standard' model provides the best rectal and mean skin temperature 
predictions. 
Royal Navy NBC ensemble: Predictions for subjects wearing the Royal Navy NEC 
ensemble (figures 6.50 and 6.51) were less accurate than those for the British Army 
NEC ensemble (RMSD for rectal temperature = 0.59 °C, 0.74 °C and 0.95 °C for the 
heat accIimated model with reduced metabolic rate, the heat acclimated model and 
'standard' models respectively, while those for mean skin temperature were 1.45 °C, 
1.62 °C and 1.52 °C respectively). Both clothing ensembles had similar properties and 
the results for each study were similar also; the predicted responses diverged from the 
observed responses towards the end of the exposure, as subjects with higher rectal and 
mean skin temperatures withdrew from the exposure, while predictions from the 
'standard' model were more accurate at the beginning of the exposure, and the heat 
accIimated model provided the most accurate results overall. 
6.2.12 Discussion 
Although limited to compansons with data deriving from only three sources, the 
quantitative validation demonstrates that the heat accIimated LUT25-node model 
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Figure 6.41 
Difference between the final and initial sweat loss from 
the LUT25-node model with heat acclimation. 
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Figure 6.42 
Predicted trunk core and measured rectal 
(Mitchell et ai, 1976) temperature responses. 
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Figure 6.44 
Predicted trunk core and measured rectal 
(Avellini et ai, 1980b) temperature responses. 
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Figure 6.45 
Predicted and measured (Ave llini et al, 1980b) 
mean skin temperature responses. 
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Figure 6.46 
Predicted trunk core and measured (Millard et al, 1994a,b) 
rectal temperature responses for heat acclimated 
subjects wearing British Army Combat clothing. 
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Figure 6.47 
Predicted alld measured (Millard et al, 1994a,b) mean skin 
temperature responses for heat acclimated subjects 
wearing British Army Combat clothing. 
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Figure 6.48 
Predicted trunk core and measured (Millard et al, 1994a,b) 
rectal temperature responses for heat acclimated 
subjects wearing the British Army NBe ensemble. 
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Figure 6.49 
Predicted and measured (Millard et aL, 1994a,b) mean skin 
temperature responses for heat accLimated subjects 
wearing the British Army NBC ensembLe. 
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Figure 6.50 
Predicted trunk core and measured (Millard et ai, 1994a,b) 
rectal temperature responses for heat accLimated 
subjects wearing the RoyaL Navy NBC ensembLe. 
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predicts the thermal responses of heat accIirnated subjects better than the 'standard' 
version of the model. This was confirmed with RMSD of predicted responses from those 
observed. On the majority of occasions these were lower for the heat accIimated model 
than they were for the 'standard' model. 
One noticeable feature of the results is that on the majority of occasions the 'standard' 
model provides more accurate predictions of the measured responses than the heat 
acclimated model at the beginning of the exposures. Furthermore, the measured initial 
mean skin temperature is higher than that predicted by the heat acclimated and 
'standard' models. As was noted in the discussion on the anthropometric model, this 
suggests that some preconditioning of the subjects to the experimental conditions may 
have occurred prior to the start of the experimental exposure and the measurement of the 
first experimental readings. It is suspected that the accuracy of the heat accIimated 
model over the 'standard' model may be even greater than that observed here, if a period 
of preconditioning had been taken into consideration in the predictions from the models. 
The accuracy of the predictions from the heat acclimated model may have also been 
better if experimental subjects had not withdrawn from the exposures in which they 
wore the British Army NBC and Royal Navy NBC ensembles. It is possible that the 
gradient of the measured curves in figures 6.48-6.51 may have been greater, and 
approached the predicted responses of the heat acclirnated model if all subjects had 
managed to finish the experimental exposures. 
6.3 Validation of the LUT25-node distributed clothing model 
Of the studies performed to validate the distributed clothing model, two were significant. 
The first tested the ability of the clothing model to sum the individual thermal properties 
of clothing garments to estimate the thermal properties of clothing ensembles. The 
second determined the benefits that distributing the thermal properties of clothing has on 
the accuracy of the LUT25-node model to predict the human thermal response. 
6.3.1 Methodology: Summing the thermal properties of clothing garments 
This study compared measured thermal properties of clothing ensembles with 
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predictions from the clothing model. Measured data for the investigation were taken 
from tables A2-A 7 of ISO 9920 (1995) which contain measured insulation values for 
148 clothing ensembles. The standard also details, the measured insulation value and the 
percentage surface area of the body that each garment of the clothing ensembles cover. 
This information is contained in table B2 of ISO 9920 and was used as input to the 
clothing model. 
There were limitations associated with this choice of data to test the clothing model. The 
first concerned the fact that table B2 in ISO 9920 only presents the insulation values of 
clothing garments, neglecting to include their ~l and im values. Consequently, it was not 
possible to test the ability of the clothing model to estimate the im of a clothing 
ensemble. It was possible to predict the ~l values of the ensembles by first estimating 
this parameter for each garment. The details of this procedure are described below. 
A second limitation of the data is that garment insulation is presented as I.:lu (effective 
insulation) values, while the clothing model only accepts I.:li values. I.:lu is related to IT 
(equation 4.1) by the equation: 
(6.2) 
In comparison with I.:li' equation 6.2 shows that ~lu incorporates the influence that the 
clothing surface area has on the heat exchange with the thermal environment. This is 
considered separately with I.:li with the ~l parameter. To overcome the difference that 
exists between these two measures of a garments thermal insulation, the I.:lu values were 
converted into I.:li values using the relationship: 
Ieli =Ielu +1.(1 __ 1 J leI (6.3) 
The values for la and ~l in equation 6.3 were not known for each clothing garment. 
Consequently, the values of I.:li for each garment in table B2 of ISO 9920 were 
calculated with la set at 0.62 clo. ~l was calculated, by first evaluating IT with equation 
6.2 and then iteratively solving equations 4.1 and 6.3. 
Finally, some of the insulation values for the gannents surpassed the theoretical 
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maximum measurable limit, given the surface area of the body they cover (see section 
5.3.1). Altogether, six of the garments were found not to comply with this theoretical 
limit. All were relatively small items of clothing such as gloves, socks and shoes and 
covered less than 21 % of the body surface area. It is felt that both model limitations and 
those associated with the measurement of garment insulation could contribute to a lack 
of agreement in the methods. As these garments surpassed the limits of the clothing 
model to predict clothing insulation values, ensembles containing these clothing 
garments were omitted from the study. Consequently, out of the 148 clothing ensembles 
presented in tables A2 - A 7 ofISO 9920, only 87 were included in this study. Details of 
the garments contained in table A2 - A 7 of ISO 9920, including their measured and 
predicted clothing insulation values for the garments and ensembles are presented in 
Appendix D. Also highlighted in Appendix D are those garments and ensembles not 
included in the study (garment numbers 162,258,256,271,251,259). 
6.3.2 Presentation ofthe results 
This test is designed to assess the agreement that exists between measured thermal 
properties of clothing ensembles with those predicted by the LUT25-node distributed 
clothing model. To compare competing techniques for measuring or estimating a 
physical quantity it has often been usual to plot the results from each technique against 
each other on a scatter graph and a correlation coefficient is calculated and used as a 
measure of the agreement between them (Danielsson, 1993, Lotens and Havenith, 1991). 
However, Bland and Altman (1986,95) and Altman and Bland (1983) argue that this is a 
poor means of assessing the agreement between methods. They state that the correlation 
coefficient is not a measure of agreement, but a measure of association and that high 
correlation coefficients are not an indication of agreement between results. Furthermore, 
the visual appearance of scatter graphs look better as the number of data points increase. 
An alternative means of presenting results, as suggested by them, is to plot the 
difference in the results from two techniques against their mean values. With this plot, it 
is easier to spot the magnitude of disagreement between results (both error and bias), 
spot outliers and see whether there is any drift in the agreement between the results. The 
relative bias is calculated as the mean of the differences between the results, and the 
standard deviation an estimate of the error between the techniques. The results for this 
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study are presented in the form recommended by Bland and Altman (1986,95) and 
Altman and Bland (1983), though scatter plots are also presented so that comparisons 
can be made with previous studies of this nature. 
6.3.3 Results 
The results of the validation are presented in figures 6.52 - 6.55. Figure 6.52 provides a 
scatter plot of predicted intrinsic clothing insulations from the clothing model plotted 
against those measured. The diagram shows that there are indications of a linear 
relationship between the measured and predicted values, with the plotted points 
unevenly distributed. about the line of symmetry. In comparison with figure 6.52, figure 
6.53 provides a clearer indication of the differences that exist between the measured and 
predicted intrinsic clothing insulation values. This provides a plot of the difference in the 
measured and predicted intrinsic insulation plotted against their mean value. The mean 
difference between the measured and predicted responses is -0.1308 clo, indicating that 
the clothing model tends to overestimate the measured clothing insulation values. This is 
also shown in the scatter plot (figure 6.52). The average error between the results is 0.20 
clo, as given by the standard deviation of these results. 
In contrast to the promising agreement between the measured and predicted clothing 
insulation values, the comparisons between the measured and predicted fcl values are 
less convincing. As is shown in figure 6.54, the plot of predicted versus measured values 
deviates from the line of symmetry as the value of 1;,1 increases. Again, this result is 
better illustrated in a plot of the difference in the measured and predicted 1;,1 values 
versus their mean value, as shown in figure 6.55. The bias of the result is 0.1, with an 
average error (standard deviation) between the measured and predicted results of 0.08. 
6.3.4 Discussion 
The results of the validation show that the clothing model does respond correctly to the 
information of clothing insulation provided to it by the user (ie that as the amount of 
clothing added to the model increases the insulation estimated by the model also 
increases). This is also true of the ability of the model to estimate fcl values, though the 
agreement is not as convincing as that for 1.:1. 
143 
0- 39 
~ 
Q) 
~ 
::::> 
- 37 ro ~ 
Q) 
0-
E 
Q) 
I- 35 
o 
0' 
.3-
c 
0 
+=i 
ro 
::::> 
'" .£ 
u 
·iii 
c 
.c:: 
C 
"0 
Q) 
:§ 
"0 
~ 
c-
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
20 40 60 80 100 
Time (minutes) 
Figure 6.51 
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Predicted versus measured (ISO 9920, 1995) 
intrinsic clothing insulation values. 
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An insufficiency of the study, which could have contributed to the poor agreement 
between measured and predicted values, is that I.:1i values for the clothing garments had 
to be estimated from I.:lu values for the gannents presented in ISO 9920 (1995). In these 
conversions, the air boundary layer (I.) was assumed to be equal to 0.62 clo over the 
whole surface area of the body, though many other authors quote higher values for this. 
Zhu et at (1985) obtained a value of 0.68 clo from their nude manikin, McCulIough et 
at (1985,82) a value of 0.71 clo and Havenith et at (1990a) a value of 0.73 clo. 
However, it is not thought that using a higher value ofla would improve the accuracy of 
the predictions from the clothing model, as this would only raise its predicted 1c1 values, 
so emphasising the overestimation already made by the model. However, this variability 
does highlight the sensitivity of la' providing a possible insight into how la may vary 
over the surface area of the body. With respect to the clothing model, this assumes that la 
is uniform over the whole surface area of the body. 
A further point to consider is that the ensemble clothing properties predicted by the 
model are not the values used by the thermoregulatory model to predict the clothed 
human thermal response. Instead this uses the local properties of clothing calculated for 
each of its body segments as obtained from equations 5.29 - 5.31. The results from these 
equations are used to calculate the properties for the whole clothing ensemble. This 
conversion from local clothing properties to those for the whole ensemble could 
introduce error, such that the results of this validation of the clothing model do not 
reflect the true accuracy of its predictions as used by the thermoregulatory model. A 
truer test of the predictions from the clothing model would have been to compare its 
local p~edictions of the clothing properties over individual body segments with similar 
values measured on a segmental thermal manikin (Appendix C). 
In the study, it was necessary to test the ability of the clothing model to estimate the im 
of clothing ensembles, but a lack of available published data prevented this. However, it 
is suspected that as the calculation of im for clothing ensembles is based on the same 
mathematical principles as those used to determine the clothing insulation of an 
ensemble, and analogies can be drawn between the processes of sensible and insensible 
heat transfer through clothing, the validation of this property of the clothing model will 
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• 
produce similar results to those presented for IeI • However, it is still necessary that the im 
of clothing garments and ensembles are measured so that this feature of the clothing 
model can be tested. 
6.3.5 Clothing model impact on the predicted thermoregulatory response 
Few studies have investigated how the distribution of clothing properties within a 
clothing ensemble influence the human thermal response. Published papers tend only to 
detail the properties of clothing ensembles used in experimental trials rather than 
provide details on the individual clothing items which make up the clothing ensemble. 
However, one paper was found looking at how the distribution of clothing thermal 
insulation influences the human thermal response (Nielsen and Nielsen, 1984). 
Consequently, this work was used to determine the improvement the distributed clothing 
model has on the accuracy of the predictions from the LUT25-node thermoregulatory 
model. 
6.3.6 Methodology: Nielsen and Nielsen (1984) 
In the study of Nielsen and Nielsen (1984) ten subjects (3 females and 7 males) 
completed two experimental exposures while alternately dressed in one of the following 
ensembles: a clothing ensemble with insulation concentrated over the limbs (arms, 
hands, legs and feet with head uncovered) having an intrinsic insulation of 1.67 clo, and 
a clothing ensemble with insulation concentrated over the trunk (head and hands 
uncovered) with an intrinsic insulation of 1.22 clo. The exposures involved subjects first 
working for I hour on a cycle-ergometer at 36.5 W (296.5 W metabolic heat), after 
which they rested for I hour. During both work and rest phases t. and t, was held at 10 
QC, v. at 0.1 m.s· l and rh at 52 %. 
Information concerning the properties of the individual clothing garments making up the 
clothing ensembles was not provided in the paper. Consequently, to simulate the 
clothing ensembles as accurately as possible inputs to the clothing model consisted of 
two separate garments for each ensemble. The thermal properties of these garments were 
as follows. For the clothing ensemble with insulation concentrated over the limbs, the 
thermal insulation of the garments were 0.94 clo for a garment covering the arms, hands, 
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legs and feet and 0.165 clo for a second gannent covering the trunk. The clothing 
ensemble with insulation concentrated over the trunk was considered to consist of two 
garments with intrinsic insulations of 0.4 clo covering the trunk and 0.368 clo covering 
the arms, legs and feet. 1;,1 values for the clothing gannents were estimated using 
equation C.9, while im values for each gannent were set at 0.5. Using these inputs to the 
clothing model the thermal insulation for the clothing ensembles came to the desired 
values, 1;,1 values were 1.34 and 1.24 for the ensemble with insulation on the limbs and 
trunk respectively and im values for the model were 0.5 for both ensembles. 
Measurements performed during the experimental exposures consisted of skin 
temperature at I3 locations (forehead, cheek, back of the neck, scapula, chest, upper 
ann, lower arm, hand, abdomen, lower back, thigh, lower leg and foot). Rectal 
temperature was measured at three depths and averaged to provide a single measure. 
Both measures were performed every 10 minutes. The initial measurements and time of 
onset of the experiments were taken 10 minutes after the experimental subjects entered 
the environmental conditions. To allow for this in the predictions from the LUT25-node 
model an initial rest period of 10 minutes was added to the exposure time of the 
simulations, though these predictions are omitted from the results. 
In the paper of Nielsen and Nielsen (1984) plots are produced of the measured rectal, 
mean skin, mean head skin, mean trunk skin and mean limb skin temperatures. These 
results were compared with equivalent predictions made by the LUT25-node model 
when using the distributed clothing model and also using the original or 'standard' 
clothing model. Results are presented as temperature plots and the RMSD is used to 
compare the accuracy of the distributed and 'standard' clothing models. 
6.3.7 Results 
For the clothing ensemble in which insulation is concentrated over the limbs, the 
'standard' clothing model generally provided better estimates of the measured responses 
than the distributed clothing model. Figures 6.56-6.59 illustrate the measured and 
predicted rectal (trunk core), mean skin, mean trunk skin and mean limb skin 
temperature responses. As is shown in all these results, the predictions from the 
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'standard' model are closer than those of the distributed clothing model. The RMSD for 
the predicted from the measured responses are 0.49 DC, 1.02 DC, 0.48 °C and 1.77 °C for 
the 'standard' model predicting rectal, mean skin, mean trunk and mean limb 
temperature respectively, while those for the distributed model are 0.63 DC, 1.60 DC, 
1.86 °C and 3.89 °C respectively. only for head skin temperature does the distributed 
clothing model provide a more accurate estimate of the measured response than the 
'standard' model (figure 6.60). The RMSD of the predictions from this measured 
response are 2.20 °C and 4.12 °C for the distributed and 'standard' clothing models 
respectively. 
When clothing was concentrated over the trunk, the distributed clothing model tended to 
produce better estimates of the measured response than the 'standard' model. This is 
illustrated in figures 6.61-64, which respectively show the measured, and predicted 
responses for the rectal, mean head skin, mean trunk skin and mean limb skin 
temperatures. The greater accuracy provided by the distributed clothing model for these 
temperature predictions is also confirmed in the RMSD, where those for the distributed 
clothing model are 0.42 DC, 1.59 DC, 0.84 °C and 3.67 °C for the rectal, mean head skin, 
mean trunk skin and mean limb skin respectively, compared with respective values of 
0.45 DC, 3.35 DC, 4.09 °C and 3.82 °C for the 'standard' clothing model. The only 
. exception where the 'standard' model did provide a better estimate of the measured 
response was for mean skin temperature (figure 6.65), where the RMSD of the predicted 
responses were 0.83 °C and 1.72 °C for the 'standard' and distributed clothing models 
respectively. 
6.3.8 Discussion 
From a qualitative perspective, this assessment of the distributed clothing model 
demonstrates that it does interact correctly with the thermoregulatory model. For 
example, during the exposure in which the ensemble insulation is concentrated over the 
limbs, the use of the distributed clothing model results in a lower trunk and head skin 
temperature, but higher mean limb skin temperature than when the 'standard' clothing 
model is used. Alternatively, for the ensemble in which clothing is concentrated over the 
trunk, the use of the distributed clothing model results in a lower head and limb skin 
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temperature and a higher trunk skin temperature response than when the 'standard' 
clothing model is used. 
Contrary to the qualitative agreement of the results, there are no obvious indications that 
the distributed clothing model influences better predictions of the measured thermal 
response than the 'standard' model. Overall, the distributed model influenced better 
predictions of the measured thermal response on 50 % of the occasions investigated. 
Further validation of the model may be able to qualifY if the distributed clothing model 
does provide a definite advantage in influencing the LUT25-node model to provide 
better estimates of the human thermal response. There is however a limited amount of 
useful data in the published literature to perform further comparisons with measured 
responses and this merits the need for purpose designed experiments to comprehensively 
test the clothing model's capabilities. 
Furthermore, the environmental conditions in which Nielsen and Nielsen (1984) 
. conducted their trials were not ideal for testing the influence the clothing model has on 
the predictions from the LUT25-node model. As has been noted, the predictions from 
the LUT25-node model are poor in the cold and were proven by Haslam (1989) and 
Haslam and Parsons (1989) to be much better in warm to hot environmental conditions. 
Poor predictions from the LUT25-node model could thus be attributable to the 
insufficiencies of the thermoregulatory model rather than on limitations associated with 
the distributed clothing model compared with the 'standard' clothing model. 
A further problem in using the results of Nielsen and Nielsen (1984), is that there was no 
detailed information on the thermal properties of the clothing garments making up the 
ensembles and a complete lack of information on the fcl and im values of either the 
clothing garments or ensembles. However, the results of Nielsen and Nielsen (1984) 
provided the best available data with which to test the distributed clothing model. 
A striking feature of the results is the erratic changes that occur in the skin temperature 
responses of the simulations using the distributed clothing model compared with the 
'standard' clothing model. Figures 6.58, 6.60, 6.62 for instance, show large rises in the 
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Figure 6.56 
Predicted trunk core and measured (Nielsen and Nielsen, 1984) 
rectal temperature responses when wearing a clothing 
ensemble with insulation concentrated over the limbs. 
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Predicted and measured (Nielsen and Nielsen, 1984) mean 
skin temperature responses when wearing a clothing 
ensemble with insulation concentrated over the limbs. 
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Figure 6.58 
Predicted and measured (Nielsen and Nielsen, 1984) mean 
trunk skin temperatllre responses when wearing a clothing 
ensemble with insulation concentrated over the limbs. 
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Predicted and measured (Nielsen and Nielsen, 1984) mean 
limb skin temperature responses when wearing a clothing 
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Figure 6.60 
Predicted and measured (Nielsen and Nielsen, 1984) head skin 
temperature responses when wearing a clothing ensemble 
with insulation concentrated over the limbs. 
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Predicted trunk core and measured (Nielsen and Nielsen, 1984) 
rectal temperature responses when wearing a clothing 
ensemble with insulation concentrated over the trunk. 
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Figure 6.62 
Predicted and measured (Nielsen and Nielsen, 1984) head sJ.:in 
temperature responses when wearing a clothing ensemble 
with insulation concentrated over the trunk. 
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Predicted and measured (Nielsen and Nielsen, 1984) trunk skin 
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Figure 6.64 
Predicted and measured (Nielsen and Nielsen, 1984) mean limb skin 
temperature responses when wearing a clothing ensemble 
with insulation concentrated over the trunk. 
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Predicted and measured (Nielsen and Nielsen, 1984) mean skin 
temperature responses when wearing a clothing ensemble 
with insttlation concentrated over the trunk. 
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Figure 6.66 
Change in the convective heat flow to the head skin of the LUn5-node 
model, when wearing the 'standard' and distributed clothing models 
for an ensemble with insulation concentrated over the limbs. 
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limb and head skin temperature around 20 minutes into the exposures. Further 
examination of these large changes in the skin temperature responses reveals that this is 
due to an increased perfusion of the skin with warm blood from the body core; the rise 
in skin temperature correlating with the point at which the trunk core temperature begins 
to rise above its initial starting value signalling a rise in the vasodilatory response of the 
thermoregulatory model (figures 6.56 and 6.61). The larger rise in the skin temperature 
of the simulation with the distributed clothing model over that with the 'standard' model 
is a result of the larger thermal gradient between body core and skin yielding a larger 
flow of convective heat via blood flow. This is confirmed in figure 6.66 which shows 
the change in convective heat flow to the head skin for the 'standard' and distributed 
clothing models in which clothing is concentrated over the limbs. Furthermore, as the 
skin temperature for LUT25-node model wearing the 'standard' clothing model in these 
examples is higher than that for the distributed clothing model, more heat is lost to the 
environment on account of a higher skin-environment thermal gradient. This 
additionally prevents as high a rise in the skin temperatures of the simulations wearing 
the 'standard' clothing model. 
Although there is no definitive outcome from this validation of the distributed clothing 
model, examples are provided in which the latest version of the clothing model does 
perform better than the 'standard' clothing model. It is appreciated that further work is 
required to confirm the benefit of the distributed clothing model. However, the present 
assessment does illustrate the impact that distributing the thermal properties of clothing 
has on the predicted thermal response and the options and versatility this offers the user 
of the model. 
6.4 Conclusion 
The validation of the modified LUT25-node model confirms that it responds correctly 
to changes in its input. It shows the model is able to mimic the changes that occur in 
the human thermal response when alterations are made to the body size, composition, 
acclimation state and clothing distribution of individuals. There were however no 
obvious improvements in the accuracy of the model to predict the human thermal 
response. It is thought that possible limitations in the structure of the modifications 
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made to the model or limitations in the quantity and quality of available experimental 
data could have affected this result. Following the validation of the LUT25-node 
model, the significance of the changes made to the model and their present limitations 
are discussed in chapter 7. 
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CHAPTER 7 
Discussion on the modifications to the LUT25-node model 
7 Discussion on the modifications to the LUT25-node model 
The modifications to the LUT25-node model enable it to consider how an increased 
number of parameters influence the human thennal response. Although this extends the 
practical applications of the LUT25-node model it does not make it unique, as other 
thennoregulatory models are known to possess one or more of its latest features. Hence, 
to appreciate the significance of the work conducted in chapters 5 and 6, this chapter 
initially looks at how the modifications to the LUT25-node model compare with similar 
features available on alternative models presented in the published literature. 
Furthennore, the limitations and benefits of these modifications are discussed, in 
addition to those inherent to the model. 
7.1 Discussion on the anthropometric LUT25-node model 
Numerous other thennoregulatory models have been modified to consider the impact 
that body size and composition has on the human thennal response (see table 7.1). 
However, for many of these examples the process of altering the body size and 
composition of the model is not automated, ie direct modifications to the code of these 
models is required to simulate subjects with differing anthropometries. In addition, no 
model was found which competes with the LUT25-node model on the range of model 
parameters which alter as its anthropometry changes. As shown in table 7.1, over half of 
the examples presented alter less than five model parameters with alterations in 
anthropometry. Furthennore, only one of the models in table 7.1 (Tikuisis et ai, 1988) 
considers changes in its thennoregulatory control system with changes in its 
anthropometry. However, this model, in addition to those of Montgomery (1974) and 
Richardson (1988b) are designed for cold water immersion only. In comparison to all 
the models presented in table 7.1, the LUT25-node model additionally makes alterations 
to its efferent sweating and vasodilatory responses and is designed to predict the thennal 
response on exposure to air environments. 
There are several possible reasons why alternative models make limited modifications to 
. their parameters as the anthropometry of the model changes. First, this could simply be 
due to an oversight by the modellers on the scope of parameters that do need to be 
altered. Second, for the application or study the model was designed for, it may not be 
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necessary to modifY all expected parameters of the model .which alter with 
anthropometry. Finally, there is little information in the published literature detailing 
which and by what magnitude aspects of the human thermoregulatory system alter with 
body size and composition. This highlights a lack of supporting data on what and by 
how much parameters of thermoregUlatory models need to be altered, especially those 
associated with the thermoregulatory system. AI; for the modifications made to the 
thermoregulatory control system of the LUT25-node model as its anthropometry 
changes, these have been based mainly on intuition rather than on any supporting 
evidence to prove or disprove that such alterations do occur. Consequently, there is a 
need to conduct studies investigating the alterations in the human thermoregulatory 
response with body size and composition. This would add to the understanding of 
human thermoregulation and would provide essential data for developing human 
thermoregulatory models. 
The validation of other thermoregulatory models which allow for alterations in body size 
and composition has commonly involved making predictions based on the mean 
anthropometry of a subject group (Kraning, 1991,95, Richardson, 1988b, Tikuisis et aI, 
1988). This is followed by comparisons with the groups mean thermal response, rather 
than with individual subject responses. These comparisons are made without any 
qualitative tests confirming whether the model responds correctly to changes in its 
anthropometry, or whether there has been any benefit in fitting the body size and 
composition of the model to that of experimental subjects. For instance, Hancock 
(1980b,81 a,b) modified the anthropometry of the Stolwijk and Hardy (1977) 25-node 
model to fit the anthropometries of individual experimental SUbjects. However, when 
assessing the capabilities of the model to predict individual subject responses, no 
comparisons were made to test whether fitting the anthropometry of the model to 
experimental subjects improved the accuracy of its predictions. In contrast, Cooper 
(1986) did compare the predictions of a modified anthropometric model against those of 
the original model. However, there were limitations associated with this work. First, 
only two parameters of the model were altered with changes in body size (surface area 
and heat capacity) and the experimental data used to test the predictions of the model 
were of poor quality, as it contained some unrealistic results. Even so, the conclusions of 
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the study agree with those presented in chapter 6; changing the anthropometry of a 
thermoregulatory model has little impact on the accuracy of its predictions. 
Webb (1980), and Austin and Lansing (1986), do present qualitative results on the 
predictions from their models. How·ever, in both these examples, more than one model 
parameter was altered for each prediction, which disguised the influence that any single 
variable (body size, body composition etc) has on the predictions of the models. 
Author Modification Anthropometric modifications 
method 
Austin and Non-automated Surface area, weight, thermal conductance, 
Lansing (1986) basal metabolic rate, basal evaporation, basal 
blood flow, convective heat transfer 
coefficients. 
Cooper (1986) Non-automated Surface area and weight. 
Hancock Non-automated Surface area, weight, basal metabolic rate. 
(I 980b,8 I a,b) 
Huckaba et al Non-automated Surface area and weight. 
(1973) 
Konz (1979) Automated Surface area and weight. 
Kraning (1991,95) Automated Surface area, weight, body composition and 
thermal conductance. 
Montgomery Automated Surface area, weight, thermal conductance, 
(1974) basal metabolic rate, basal evaporation, basal 
blood flow, convective heat transfer 
coefficients, and body composition. 
Richardson Automated Surface area, weight, thermal conductance, 
(I 988b) basal metabolic rate, basal evaporation, basal 
blood flow, convective heat transfer 
coefficients, and body composition. 
Tikuisis et a/ Automated Surface area, weight, thermal conductance, 
(1988) basal metabolic rate, basal evaporation, basal 
blood flow, convective heat transfer 
coefficients, body composition, efferent 
shivering response, resting and set-point 
temperatures. 
Table 7.1 
Thermoregulatory models considering subject anthropometry in their predictions. 
7.1.1 Limitations ofthe anthropometric modification 
The anthropometric modifications possess many assumptions. These simplifY the user 
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process of altering the anthropometry of the LUT25-node model. However, they also 
limit the accuracy of the model to predict the human thermal response. Austin and 
Lansing (1986) for instance demonstrated that body shape (somatotype) influenced the 
response of their model, but it is not possible to make isolated changes to the individual 
body segments of the LUT25-node model. Hence, irrespective of what changes are 
made to the body size and composition of the LUT25-node model, the relative size of its 
body segments remain the same. Furthermore, although the body composition of the 
LUT25-node model can be varied, the relative proportions of the other tissue types in 
the model remain constant. This is also true for the proportions of the total tissue layers 
in each body segment and their physical and thermal properties (density, specific heat 
capacity and thermal conductivity). 
The extent of the modifications made to the LUT25-node model also possess 
limitations. The LUT25-node model uses the Dubois height weight formula (Dubois and 
Dubois, 1916) to calculate its surface area, though authors have discovered limitations in 
this equation. lones et al (1985) reports that the formula underestimates body surface 
area, while Gehan and George (1970) found that it overestimates. Proportional changes 
are made to basal values (basitJ metabolic heat production, basal blood flow and basal 
evaporation) and thermoregulatory features of the LUT25-node model based on the 
physical changes which occur in its body size and composition, though these alterations 
may not reflect exactly what the true magnitude of these values are in experimental 
subjects. In addition, the resting and set-point compartment temperatures of the model 
are determined with the assumption that individuals maintain thermal equilibrium under 
the same environmental conditions. 
Finally, there are inherent features of the LUT25-node model that will affect its 
predictions. For instance, the models form (1 sphere and 5 cylinders) and the 
configuration of its tissue (concentric layers) is a gross simplification of the human 
body's true structure. There are also other inherent factors, not associated with the 
anthropometry of the LUT25-node model which limit the accuracy of its predictions. 
These include other individual parameters that influence the human thermal response 
that the model does not consider; eg their age, sex, physical fitness and hydration state. 
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However, it is felt that these variables would have little impact on the results of the 
validation (chapter 6), as subjects in the experimental studies were young, fit, male 
subjects (in the majority of occasions) exposed to relatively short experimental 
exposures. 
Irrespective of the limitations associated with the anthropometric LUT25-node model, it 
is uncertain if addressing these would improve or reduce the accuracy of the 
anthropometric model's predictions over those of the 'standard' model. This can only be 
confirmed by making the necessary modifications to the model, and then test its 
predictions. 
7.2 Discussion on the heat acclimated LUT25-node model 
The most prominent model allowing for heat accIimation in its temperature predictions 
is the heat strain model of Givoni and Goldman (1973b). However, this model is based 
on empiricism and does not quantify the physiological adaptations and responses that 
occur with heat acclimation. 
With respect to rational human thermoregulatory models, few consider the impact of 
heat acclimation in their temperature predictions. Apart from the present LUT25-node 
model, only two other models were found that have been adapted for performing 
predictions of heat accIimated subjects (Azer, 1979, Konz, 1979), though the extent of 
the adaptations in these models is limited. The model of Konz (1979) only increases its 
sweating rate with heat accIimation, while that of Azer (1979) alters its sweat rate, 
maximum skin blood flow (skin conductance), metabolic rate and set-point controlling 
temperatures. In addition to these adaptations, the resting compartment temperatures and 
vasodilatory responses of the LUT25-node model also alter with heat accIimation. 
Although the physiological responses that anse with heat acclimation are well 
understood, there are still many unanswered questions surrounding the fundamental 
physiological adaptations that initiate these responses. An example of this is the drop in 
resting core temperature observed in heat acclimated subjects. In the LUT25-node 
model, this was achieved by reducing its basal metabolic rate and increasing its basal 
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skin blood flow. It is not certain if these changes actually occur, or if they are the 
fundamental cause for the drop in resting core temperature with heat accJimation, but 
they do provide a possible explanation. Even so, this rational intuitive approach to 
reducing the resting core temperature of the LUT25-node model was then combined 
with an empirical relationship describing how this physiological adaptation develops 
with heat accJimation. This example underlines the fundamental problem always faced 
when developing models of human thermoregulation. Development commonly relies on 
rational intuition or an empirical understanding of the physical processes that are taking 
place, or even best estimates on the magnitude of the changes that do occur. These 
inadequacies in model development might explain why there has been little interest in 
developing other heat accJimated models of human thermoregulation. They do however 
highlight areas where experimental studies are required to advance understanding on the 
physiological mechanisms responsible for heat accJimation and provide necessary data 
on which to develop heat acclimated thermoregulatory models. 
7.2.1 Limitations ofthe heat acclimated LUT25-node model 
Limitations affecting the accuracy of the predictions from the heat acclimated LUT25-
node model include those relating to the quality of the information used to accJimate the 
model, those inherent to the model which have no association with theacclimation 
modifications (ie those relating to the thermoregulatory control system and the structure 
and form of the model) and those physiological adaptations of accJimation not 
accounted for by the model. Limits in the quality of the information used to develop the 
heat acclimated LUT25-node model were briefly outlined above, while the inherent 
limitations of the model influencing its predictions are raised in section 7.5.4. 
A physiological adaptation associated with heat acclimation unaccounted for by the 
model includes the increase in blood volume with heat acclimation (parsons, 1993). This 
will increase body heat capacity and could be an additional factor contributing to the 
drop in resting core temperature with heat acclimation. A further factor of heat 
accJimation not considered by the model is that it assumes the· conditions under which 
subjects are heat acclimated match those under which subjects will be exposed. in this 
respect it can not allow for varying intensities of heat acclimation state, which is 
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dependent on the environmental conditions, exercise intensity, period of exposure on 
each day of heat acclimation and the initial physical fitness of subjects prior to heat 
acclimation (Leithead and Lind, 1964, Pandolf et ai, 1977). 
7.3 Discussion on the distributed clothing model 
As noted by Lotens and Havenith (1991), there are a number of alternative means for 
determining the thermal and vapour properties of clothing garments. The most direct and 
accurate means of obtaining the properties of clothing is through measurements, using 
either experimental subjects or thermal manikins. However, the cost and specialised 
resources needed for such experiments makes these studies prohibitive. Regression 
equations provide a much simpler, but less accurate means of assessing the properties of 
clothing ensembles. These are able to predict the thermal insulation of clothing 
ensembles from basic physical parameters of the clothing; eg from the intrinsic (Sprague 
and Munson, 1974) or effective insulation (Olesen, 1985) of the garments making up the 
ensemble or from the clothing weight or surface area of the body covered by the clothing 
(McCullough et ai, 1983a). However, these equations are unable to describe the 
distribution in the thermal and vapour properties of a clothing ensemble. The use of 
mathematical clothing models to predict clothing insulation provides a satisfactory 
compromise between the complexities of measurement and the limitations of regression 
equations. Some of these have been developed to investigate the diffusion of heat and 
mass transfer through fabric layers (Famworth, 1986, Cena and Clark, 1978), while 
several exist which are able to sum the properties for a number of clothing layers and 
estimate the distribution in the thermal and vapour properties of clothing over the body 
(Danielsson, 1993, Lotens and Havenith, 1991, McCullough et ai, 1985, lones and 
McCullough, 1985). Details on some of these latter types of mathematical clothing 
model, including those of the present LUT25-node model are presented in table 7.2. 
The first difference to notice between the LUT25-node clothing model and that of the 
other clothing models are its user inputs. The inputs for the LUT25-node model relate to 
the properties of individual clothing garments contained within the clothing ensemble, 
while the inputs to the other models are fundamentally very similar and they relate to 
basic parameters of the clothing ensemble. The disadvantage with the inputs to the 
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LUT25-node clothing model are that these are based on measurements of a garments 
thennal properties, though there are a number of databases containing such infonnation. 
Hence, users need only refer to these listings when developing clothing ensembles with 
the model. Alternatively, the other clothing models require that users possess knowledge 
on the type of clothing which will be worn, as specific details on the characteristics of 
the clothing ensembles is required which is generally not available in the published 
literature. Furthennore, the models of McCullough et al (1985), Jones and McCullough 
(1985) and Lotens and Havenith (1991) require that the clothing ensemble is available, 
so that measurements can be made and used as input to these models. In comparison 
with the other models, the LUT25-node model avoids the problems associated with the 
unfamiliar clothing parameters, placing less emphasis on the user's knowledge of the 
clothing ensemble. Instead, the model focuses on the specific properties of clothing 
garments so that clothing ensembles can be designed from specific transportable 
infonnation relating to individual clothing garments. 
As shown in table 7.2, the LUT25-node model possesses half as many body segments as 
any of the other clothing models. This limits the accuracy of its predictions, as it reduces 
the definition to which a clothing ensemble can be described in the model. However, a 
feature of the LUT25-node model that is not present in any other model is the facility to 
clothe any proportion of a body segment from either end. In the other models body 
segments are either defined as clothed or unclothed. 
The most important difference in the clothing models concerns the accuracy of their 
predictions. Table 7.2 indicates that the LUT25-node distributed clothing model 
provides the highest standard deviation from measured values than any of the other 
models. However, predictions from this model were compared with nearly four times as 
many ensembles than the models of Danielsson (1993) and Lotens and Havenith (1991), 
which could contribute to the lower standard deviations obtained for these models. 
Furthennore, in addition to comparing its predictions with more ensembles, with similar 
if not a wider range of clothing properties than the model of McCullough et al (1985) 
and Jones and McCullough (1985), the results for their model were presented as IT 
values instead of IeI. Transfonning IT into IeI values could introduce further error into 
166 
their results, reducing the accuracy of the predictions from their clothing model. 
Data was not available on the accuracy of the other models to predict £;'1' though it was 
noticeable in the results of Lotens and Havenith (1991) that at high £;'1 values their model 
tended to overestimate measured values, whereas the distributed clothing model of the 
LUT25-node model tends to underestimate. 
Author User inputs Body Ensembles Standard 
segments validated deviation 
against 
LUT25-node model I) Icli 6 87 I.:I = 0.20 clo 
2) fcli fcl = 0.08 
3) imi 
4) % surface area 0 
body segments covered 
Danielsson (1993) I) fit of outer clothing 13 22 IcI - 0.13 clo 
(tight or loose fitting) fcl = N/A 
2) number of garment 
layers 
3) fabric thickness 
4) permeability 0 
fabric (yes/no) 
Lotens and Havenith I) ensemble thickness 13 22 IcI - 0.16 clo 
(1991) 2) total thickness 0 £;'1 = NIA 
clothing layers 
3) number of clothing 
layers 
4) number of trapped 
air layers 
McCullough et al I) body segment skin 12 58 IT - 0.09 clo 
(1985), Jones and temperatures £;'1 = NIA 
McCullough (1985) 2) air layer thickness 
3) fabric thickness 
4) fabric surface areas 
5)body segment 
surface areas 
Table 7.2 
Mathematical clothing models. 
Prior to the development of the distributed LUT25-node clothing model, insulation 
values were obtained either from manikin measurements or through regression 
equations. The ability of regression equations to predict the properties of clothing 
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ensembles would seem to be comparable if not better than that of the present LUT25-
node model. McCullough et al (l983a) produced a number of regression equations 
possessing varying degrees of accuracy to predict the 1.:1 of clothing ensembles. Two 
based on clothing weight produced standard deviations from the measured response of 
0.22 clo and 0.14 clo, depending on ·whether the regression line is forced through the 
origin or not. Another, based on covered surface area provided a standard deviation of 
0.1 clo, while a further multiple regression equation based on clothed and unclothed 
surface area and weight had a standard deviation of 0.12 clo. A final regression equation, 
based on the summation of garment insulation values provided the most accurate 
predictions with a standard deviation of 0.07 clo. These comparisons would indicate that 
it might be more desirable to maintain the use of these equations to predict the insulation 
values of whole ensembles over the present LUT25-node distributed clothing model. 
However, the regression equations are based on measurements of a specific set of 
clothing ensembles so their accuracy may be less if used to predict the properties of 
other clothing ensembles. This point was demonstrated by Zhu et al (1985) who used 
the summation formula of ASHRAE (1981), Olesen and Nielsen (1983) and 
McCullough et al (1983a) to predict their measured clothing insulation values. Each 
equation respectively had a standard deviation of 0.35 clo, 0.30 clo and 0.31 clo from the 
measured values. Furthermore, regression equations do not provide a description of the 
distributed properties of clothing. As was shown in the validation of the LUT25-node 
distributed clothing model, this does have a significant impact on the predictions of the 
thermoregulatory model. 
7.3.1 Limitations of the distributed f:lothing model 
Section 5.3 noted two assumptions associated with the modifications made to improve 
the LUT25-node clothing model, both of which could affect the accuracy of its 
predictions. The model assumes that the 1.:1i, [,,1 and im of clothing garments are uniform 
over the area of the body the clothing covers, even though seams or pockets could lower 
or raise the local properties of the clothing in the regions where these occur. Second, the 
model assumes that during the manikin measurement of garment properties and when 
calculating the properties of clothing ensembles, the skin temperature is uniform over 
the whole surface area of the body. The thermal gradient between skin and environment 
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is important in evaluating the thennal properties of clothing and as this varies across the 
skin surface in both manikin experiments and experimental subjects, the assUmption that 
it does not in the model reduces the accuracy of its predictions. 
The extent of the modifications made to the LUT25-node clothing model were limited 
by the number of body segments used to describe the distribution of the clothing. 
Although the thennoregulatory model possesses only six body segments, this does not 
dictate that the clothing model should have the same number of anatomical regions. 
Increasing the number of body segments in the clothing model would develop the 
resolution to which the clothing distribution could be described in the model. This may 
lead to more accurate predictions, comparable with those observed in other 
mathematical clothing models (table 7.2). 
The model still possesses many of the inherent limitations associated with the original 
LUT25-node clothing model. Most of these were raised in section 2.2.5. These include 
the influence that postural changes, the wearers activity, air penetration and moisture has 
on the thennal insulation of clothing. Furthennore, the model still ignores the influence 
moisture absorption (regain) and the processes of moisture evaporation and 
condensation in the clothing has on its thennal balance. These limitations relate to the 
dynamic changes which occur in the properties of clothing when it is worn, which are 
important when combining the thennoregulatory and clothing models to predict the 
human thennal response. They do not affect the ability of the clothing model to predict 
insulation values for clothing ensembles, as the model is designed to predict basic 
properties of clothing, which are measured under standardised conditions (ISO 9920, 
1995). However, one inherent limitation of the model to predict the basic properties of 
clothing ensembles is the fact that it does not consider how the fit and properties of 
garments alter when added to a clothing ensemble. Tucking shirts or blouses into 
trousers would reduce the air gap between the skin surface and the inner surface of the 
clothing. Similarly, no facility is available in the model to allow for the compression of 
clothing and air layers caused by overlying clothing. Both these points reduce the 
relative properties of a garment within a clothing ensemble. As the clothing model 
tended to overestimate ensemble insulation values these points could be important in 
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improving the accuracy of the clothing model to predict clothing ensemble properties. 
Having listed the numerous limitations associated with the clothing model, it is easy to 
appreciate that it still provides a simplistic description of an ensembles true thermal and 
vapour properties. It can therefore 'be forgiven for providing inaccurate results of 
measured values. However, the current modifications to this feature of the LUT25-node 
model has improved its capabilities and provides a more advanced framework on which 
to develop further the accuracy and features of the clothing for the LUT25-node model. 
7.4 Comparable human thermoregulatory models 
As discussed above, there are alternative models possessing the same features 
introduced to the LUT25-node by this study. However, few models exist which possess 
all these features. One which was found is that ofKonz (1979) who managed to modifY 
the original 25-node model of Stolwijk and Hardy (1977) to consider alterations in body 
size and composition, heat acclimation and the distribution in the thermal properties of 
clothing over the body surface area. However, closer examination reveals severe 
limitations in the competence of these modifications, in comparison to those made to the 
LUT25-node model. Those associated with the anthropometric and heat acclimation of 
the Konz (1979) model have already been discussed respectively in sections 7.1 and 7.2. 
The method of distributing a clothing ensembles properties over the body by Konz 
(1979) demonstrates a lack of understanding on the true definition of the measured 
intrinsic insulation of clothing as detailed in Appendix C. The method involves 
identifying the body segments that a clothing ensemble covers and distributing the 
intrinsic insulation amongst these body segments so that the sum of the insulation on 
each body segment matches the total for the ensemble. Equation 5.33 as .used in the 
LUT25-node clothing model, demonstrates that when dividing the insulation of a 
clothing ensemble amongst clothed body segments, what also needs to be considered is 
the area of the body segment that is being covered, the insulation of the air boundary 
layer and the local and total clothing area factor of the clothing. Adopting the method 
used by Konz (1979) to distribute clothing over the body segments of a model will result 
in an overestimation of the true intrinsic insulation of the clothing. Furthermore, the 
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clothing model of Konz (1979) does not allow for the distribution in the vapour 
properties of clothing and is incapable of summing the thermal insulation and vapour 
properties of individual clothing garments. In summary, the changes introduced to the 
25-node model by Konz (1979) are extremely basic and fail to compete with the more 
competent and versatile means of distributing and summing the individual properties of 
clothing as introduced to the LUT25-node model. 
7.S Further discussion 
Although Chapter 6 demonstrated that the modifications to the LUT25-node model have 
the correct influence on its predictions, it also shows that they do not have a dramatic 
improvement on the' accuracy of the LUT25-node model to predict the human thermal 
response. Possible reasons for the lack of improvement in the predictions from the 
model are investigated here. 
7.S.1 Experimental limitations 
Experimental measures are influenced by numerous variables, which are either beyond 
the control of the investigator or have little importance on the final interpretation of the 
results. However, these variables may become important when experimental measures 
are used to test the predictions of thermoregulatory models. For example, environmental 
conditions are always precisely defmed in thermoregulatory models, but these fluctuate 
during experiments deviating from the desired thermal stress. In addition to precisely 
defined environmental conditions, thermoregulatory models also make predictions for 
ideal subjects, so that inter and intra-subject variances (heat acclimation, hydration state, 
physical fitness, body composition, age, sex, work rate) are eliminated. All these subject 
variables are known to influence the human thermal response, but these are difficult and 
even impossible to control accurately in experimental trials. 
Questions are also raised on what is being measured during experimental trials. Papers 
often refer to measurements of rectal and skin temperature, but it is known that the 
temperature varies along the rectum (Mead and Bonmarito, 1949, Nielsen and Nielsen, 
1962), while the variance in skin temperature over the body was investigated by 
Livingston et of (1987) using thermography. They found within defined regions of the 
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skin surface large variations in skin temperature can occur, though this result is more 
applicable to cold exposures. There is also the possibility of temperature probes moving 
during experiments, monitoring the temperature at a different anatomical location, or 
simply breaking free and producing erroneous results. The location and fixation of 
temperature probes on experimental' measures could thus be an important factor in 
assessing the accuracy of model predictions. 
7.5.2 Limitations in the RMSD 
Limitations in the RMSD were investigated by Haslam (\ 989), who looked for potential 
sources of bias in this measurement. The analysis involved calculation of Pearson 
Product Moment Correlation Coefficients between the periods of exposure and the 
RMSD of predicted from observed responses presented in their validation work. An 
inverse relationship was found to exist between these two parameters, such that the 
RMSD were lower for longer exposures. Two possible reasons were provided to explain 
the outcome of this result; I) convergence of predicted and observed responses; 2) 
unknown factors associated with the data chosen, where data with longer exposures did 
provide closer predictions than data with shorter exposures. Similar factors could 
influence the comparative accuracy of the modified LUT25-node model over that of the 
'standard' model. 
7.5.3 Material limitations 
As noted at the beginning of chapter 6, the ideal data with which to compare model 
predictions should derive from purpose designed experiments designed for this task. 
This would ensure strict controls on the conditions of the experiments (selected and 
conditioned subjects, strict controls on environmental, working and clothing conditions) 
and would also confirm the correct data input for the model. Instead, many of the inputs 
to the modified LUT25-node model were estimated from the information detailing the 
experimental work. 
To validate the predictions from the modified LUT25-node model, data from the 
published literature and experiments conducted at CHS were used. It is felt the type of 
data chosen could have influenced the results of the validations. For instance, it may 
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have been more advisable in the quantitative validation of the anthropometric LUT25-
node model to use the thennal measurements of subjects exposed to cold environments, 
where differences in the anthropometry of experimental subjects and that of the model 
has a greater influence on measured and predicted thennal responses. This might have 
yielded more accurate predictions from the anthropometric model compared with those 
of the 'standard' model. However, the influence of the distributed clothing model on the 
predictions from the thennoregulatory model was tested in the cold, but no obvious 
benefit was found in its impact on the predictions from the thennoregulatory model over 
that of the 'standard' clothing model. 
On reflection, the use of imperfect data to validate the predictions from the modified 
LUT25-node model represent the typical scenario in which the model would be applied, 
ie attempting to predict the responses of subjects where there may not be the desired 
controls for the model to accurately estimate the expected human thermal response. The 
use of non-ideal data to validate the model does have some merit in illustrating the 
practical rather than ideal abilities of the LUT25-node model to predict the human 
thennal response. 
7.5.4 Inherent limitations of the LUT25-node model 
There are numerous other limitations inherent in the LUT25-node model that could limit 
its ability to provide more accurate predictions than the 'standard' model. Some of these 
were discussed in chapter 4 and include the fact that the model does not allow for 
changes in subject posture, dehydration, exercise other than that performed on a cycle-
ergometer and the increase in effective air speed aroused through the movement of limbs 
and translation of the body through the air with exercise. 
The affect of these limitations is best emphasised by examining the results of the 
quantitative assessment of the heat acc\imated model (section 6.2.5). All the results in 
this study show that the model tends to over predict subject mean skin temperature 
responses. This is probably attributable to the inability of the model to account for an 
enhanced evaporative and convective heat exchange between the human body and the 
environment aroused through an increase in the effective air speed over the body with 
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exercise. Introducing this capability into the model would reduce the mean skin 
temperature predictions from the model and provide closer estimates of the measured 
responses. 
7.6 Conclusion 
In comparison to other available thermoregulatory models, the modifications made to 
the LUT25-node model are unique in as far as the extent and methodology of the 
changes are concerned. The LUT25-node model is also quite novel with respect to the 
number of capabilities that it possesses, as the number of rational mathematical models 
possessing the range and depth of capabilities as the LUT25-node model are limited. 
However, the LUT25-node model still possesses many limitations, which highlight 
future work in its development. 
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CHAPTER 8 
Applications of the LUT25-node model 
8 Applications of the LUT25-node model 
To illustrate the practical benefits of human thermoregulatory models, this chapter 
details two applications of the LUT25-node model. The first demonstrates a predictive 
use for the LUT25-node model. This concerns a further modification that enables the 
LUT25-node model to work in reverse (backward model). This allows the model to 
automatically determine how any single parameter of thermal stress should be set, in 
order to maintain the human thermal strain within defined limits. This feature of the 
model is demonstrated through its use to solve three hypothetical thermal physiological 
problems. 
The second application concerns the use of the LUT25-node model to investigate a 
relatively unexplained thermal physiological phenomenon; the initial drop observed in 
deep body temperature with the onset of exercise. The LUT25-node model predicts this 
response and was used to help understand the physiological mechanisms responsible for 
its occurrence. Both applications for the LUT25-node model are detailed separately 
below. 
8.1 Backward modelling with the LUT25-node model 
The most basic application of thermoregulatory models involves their use to predict the 
human thermal strain to an imposed thermal stress. The process involves setting the 
environmental, clothing and working conditions in the model, which then estimates the 
sweat rate, deep body and mean skin temperature responses for the exposure. This 
information can be used to determine the point at which .individuals must cease an 
exposure to avoid an excessive thermal strain. 
A further question frequently asked of human thermoregulatory models is, how much 
must the thermal stress be altered in order to maintain the thermal strain within 
acceptable limits? This question is usually answered by means of trial and error. 
Parameters of thermal stress are repeatedly elltered into the model, while one of these is 
altered to determine at what level it should be set to achieve the desired thennal strain. 
This task can be time consuming, especially if it is necessary to determine at what level 
each individual parameter of thermal stress should be set, or where there are 
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compounding influences with the possibility of altering more than one parameter of 
thermal stress. To alleviate this task, a further modification to the LUT25-node model 
has automated this process. The modification allows the user to define a limit of thermal 
strain (trunk core temperature) and a single parameter of thermal stress (eg air 
temperature, air velocity, clothing insulation, work rate) which can be altered to optimise 
the exposure conditions. This information is then used by the model to determine at 
what value the single parameter of thermal stress should be set, to achieve the defined 
thermal strain. The details of this modification follow. 
8.1.1 Methodology 
The method used to automate the process of backward modelling emulates the manual 
method discussed previously. It involves the model repeatedly calculating the thermal 
strain with a number of estimated values for the chosen parameter of thermal stress to be 
optimised. This process continues until a value for the chosen parameter of thermal 
stress is established that produces the desired thermal strain. 
To make this prediction the LUT25-node model now requires additional information 
from the user. The first of these is the limit the trunk core temperature can reach during 
the exposure. It is also necessary for the user to state whether the core temperature 
response should stay below or above this limit. Altogether there are eight parameters of 
thermal stress which the model can optimise; the air temperature, mean radiant 
temperature, air speed, relative humidity, intrinsic clothing insulation, Woodcock 
clothing permeability index, metabolic heat production and the total exposure time. The 
user needs to, identifY which one of these parameters is to be optimised and set all other 
parameters at fixed values. Finally, if the exposure consists of a number of work rest 
sessions, the model needs to know whether the parameter is to be optimised for the first 
or second half of the cycling conditions. 
Table 8.1 details realistic maximum and minimum limits for the parameters of thermal 
stress the LUT25-node model is able to backward model. Using the maximum and 
minimum limits for the chosen parameter of thermal stress, the model makes two initial 
predictions of the trunk core temperature response. The maximum predicted trunk core 
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temperature from these two initial runs are then compared with the user-defined limit of 
trunk core temperature. The comparisons made depend on whether the user has stated if 
the predicted trunk core temperature should remain above or below the user defined 
limit. To describe the backward modelling process it is assumed here that the user has 
indicated that the trunk core temperature response should remain below the defined 
limit. Hence, if the user-defined limit of trunk core temperature is either above or below 
the maximum trunk core temperature responses obtained from the two initial runs of the 
model, then it is not possible to optimise the chosen parameter of thermal stress, as this 
would need to be above or below its credible limits presented in table 8.1. In this 
situation, the model will inform the user that to optimise the parameter of thermal stress 
its value must be either above or below the maximum or minimum limits set for it in 
table 8.1. 
Parameter of thermal stress Maximum Minimum 
. 
Air temperature (0C) 100 -50 
Mean radiant temperature (0C) 100, -50 
Air speed (m.s""") 20 0 
Relative humidity I 0 
Intrinsic clothing insulation (clo) 20 0 
Woodcock permeability index (ND) 0.6 0 
Metabolic heat production (Watts) 1000 0 
Exposure time (hours) 24 0 
Table 8.1 
Extreme values Jar the parameters aJ thermal stress 
backward modelled by the LUT25-node model. 
If the user-defmed trunk core temperature limit lies in between the maximum values 
predicted by the model for the two initial runs, then the model 'knows' that it is possible 
to optimise the parameter of thermal stress. The model then performs an additional run 
with the chosen parameter of thermal stress set at a value equal to the mean of the values 
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it was set at for the two initial runs of the model. For instance, if air temperature is the 
chosen parameter to be optimised, the third run of the model is conducted at an air 
temperature of 25°C. This third run of the model provides a further maximum trunk 
core temperature response from the model. After this third run of the model, the user-
defined limit of trunk core temperature is compared with the three maximum trunk core 
temperature responses obtained from the three initial runs. This comparison determines 
in between which two of the three maximum trunk core temperatures predicted by the 
model the user-defined limit of trunk core temperature lies. This will be either in 
between the predictions from the first and third run of the model or the second and third 
run of the model. Having established in between which two predictions from the model 
the user-defined trunk core temperature limit lies, the mean of the values at which the 
chosen parameter of thermal stress was set at for these two predictions provides a fourth 
estimate for the chosen parameter of thermal stress. For example, if air temperature is 
the chosen parameter of thermal stress and the user defined limit of trunk core 
temperature lies in between the maximum trunk core temperature predictions from the 
first and third run of the model, when air temperature was set at 100°C and 25°C 
respectively, then the fourth estimate for the parameter of thermal stress is set at 62.5 0c. 
This step completes the cycle of events performed by the model to optimise the chosen 
parameter of thermal stress. This sequence of estimating new values for the chosen 
parameter of thermal stress from previous estimates is repeated until the difference 
between consecutive estimates for the chosen parameter is less than 0.001. When this 
condition is reached the optimised value for the chosen parameter of thermal stress is 
equal to the estimated value that provides the closest approximation of the user-defined 
limit of trunk core temperature. 
8.1-2 Validation 
The changes introduced to the LUT25-node model, enabling it to backward model, have 
not affected the accuracy of its predictions. Consequently, it is not necessary to make a 
formal validation of this modification, as this is unlikely to reveal any differences in the 
accuracy of the predictions from the model, as determined in the validations performed 
in this study (chapters 6 and 9) and in the work conducted by Haslam (1989) and 
Haslam and Parsons (1989). 
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8.1.3 Application of the backward LUT25-node model 
Although there are no actual working scenarios to which the backward modelling feature 
of the LUT25-node model has been used, three examples of areas of where it could be 
applied are presented to demonstrate the significance of this modification to the model 
and what it is capable of achieving. None of the examples below involves the 
adaptations to the LUT25-node model detailed in chapters 5, 6 and 7. 
8.1.3.1 Backward modelling of work rest schedules 
Both working and experimental protocols often necessitate work rest schedules in order 
to avoid an excessive thermal strain during hot or cold exposures. In many situations of 
this nature, the conditions of the working environment and period of exposure may be 
fixed and information is required on the period that personnel should rest in less stressful 
conditions so that a full working shift can be completed without an excessive thermal 
strain affecting performance or health. 
Consider for example the scenario where subjects are required to operate·in a hot dry 
environment (I. and t. = 35°C, rh = 0.2, v. = 1.0 m.s·'), at a work rate of 200 W.m-2, 
while wearing clothing with an I.:I of 1.0 clo (f.:1 = 1.31) and im of 0.4. It is necessary that 
they complete at least four hours work in this environment, though rest periods 
(metabolic heat production = 45.82 W.m·2) are allowed every hour under less stressful 
conditions: I. and t. = 25°C, rh = 0.2, va = 1.0 m.s· l , while wearing the same clothing. 
To maintain the performance of the personnel it is considered that the core temperature 
response should not rise above 38°C. Using the backward LUT25-node model it is 
possible to determine how long personnel should rest so that core temperature does not 
rise above the critical limit. 
8.1.3.2 Results 
Using the modified LUT25-node model, it suggests that the rest periods should be 56 
minutes, leading to a total time to complete the task of 464 minutes. Figure 8.1 shows a 
plot of the expected trunk core temperature response for the work rest schedule as 
predicted by the LUT25-node model. N; was required, the trunk core temperature does 
not rise above 38°C during the exposure. 
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8.1.3.3 Backward modelling of metabolic rate for heat acclimation 
Heat acclimation is a useful means of extending an individual's tolerance to work in the 
heat. The process involves exercising subjects (1-2 hours) in a climate sufficient to raise 
and maintain an elevated internal body temperature. Repeated exposures to these 
conditions over 7-12 days bring about the physiological adaptations associated with heat 
acclimation (section 5.2.1). However, to raise the body temperature to the desired level 
for the acclimation exposure it is often difficult to know at what exercise rate subjects 
should work. If the desired level of body temperature is reached too quickly, heat illness 
can occur and subjects would have to withdraw from trials prematurely. If body 
temperature is raised too slowly, this could extend the period of experimental exposures, 
chamber time is wasted, costs for the experimental trial are increased and problems 
could arise with subjects becoming dehydrated. For such a scenario, the backward 
LUT25-node model can be used to determine optimum work rates for a variety of 
acciimation conditions. 
Previous work carried out within CHS (Nasarali, 1993) suggest that an intcmal body. 
temperature of 38.8 °C should be maintained for 1-2 hours to achieve heat acclimation. 
To initially raise the body temperature to this level a period of 30 minutes exposure is 
set which is believed to be the lowest time thought to prevent exhaustion from exercise 
and heat. Ifv. is set at 1 m.s·1 and subjects are wearing relatively little clothing 001 = 0.1 
clo, £.:1 = 1.03 and im = 0.5) the backward LUT25-node model can be used to determine 
at what rate subjects should work to raise body temperature to the desired level in the 
required exposure period for a variety of air and mean radiant temperatures and 
humidities. 
8.1.3.4 Results 
Figure 8.2 shows the predicted exercise rates at which individuals should work for a 
period of 30 minutes to raise body temperature to 38.8 °C when exposed to a variety of 
air and mean radiant temperatures and relative humidities. The diagram shows that as air 
and mean radiant temperature and relative humidity increases, it is estimated that 
subjects should reduce their exercise rate to reach the desired core temperature in the 
required amount of time. At relative humidities above 0.6 and 0.8, when air and mean 
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radiant temperature are respectively above 45 QC and 40 QC, figure 8.2 shows that the 
model is unable to converge on an optimised solution for the work rate, as this would 
need to be below the basal metabolic rate. This point is illustrated in figure 8.3, which 
shows the trunk core temperature rise in the model when air and mean radiant 
temperature is 45 QC, relative humidity is 0.8 and metabolic heat production is at basal 
level (45 W.m-2). The diagram shows trunk core temperature for the model rises above 
38.8 QC after 18 minutes. 
8.1.3.5 Backward modelling work exposures for different clothing ensembles 
Certain occupations often require the need for personnel to don protective clothing to 
protect against exposures to environments where there is a possible chemical, biological 
or temperature threat. This type of clothing is generally impermeable to water vapour 
and restricts the passage of evaporated sweat and heat from the body to the environment. 
This can emphasise the thermal stress the environment already places on the individual. 
Such a scenario is typical of the conditions faced during the 1990-91 Gulf War, in which 
service personnel were exposed to elevated environmental conditions and were required 
to wear NEC clothing. 
If the task performed under such circumstances cannot be changed and is being 
performed outside, where it is not possible to change the environmental conditions, then 
a safe period of exposure needs to be determined before personnel experience heat 
stress. As an example of how the backward LUT25-node model could be applied to 
answer such a question, it is used here to predict safe working exposure times for 
subjects wearing two ensembles; the British Army NEC 3 Romeo ensemble and the 
Royal Navy NEC ensemble. The properties for these clothing ensembles are presented 
in table 6.2. It is expected that the trunk core temperature response of subjects should not 
rise above 38.5 QC, while they work at a rate of 150 W.m-2• Environmental conditions 
are expected to range between 30 QC and 50 QC, with v. held at 0.1 m.s- l and rh at 0.1. 
8.1.3.6 Results 
As shown in figure 8.4 the backward LUT25-node model predicts that with an 
increasing air and mean radiant temperature, exposure time would need to decrease to 
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prevent the trunk core temperature rising above 38.5 0c. The figure shows that for 
subjects wearing the Royal Navy NBC ensemble or British Army NBe ensemble, safe 
working exposure times are almost identical. Under the less stressful environmental 
conditions, where air and mean radiant temperature is 30°C, the model predicts a safe 
working exposure time of around 100 minutes before trunk core temperature rises to 
38.5 °C. This reduces to around 50 minutes when the air and mean radiant temperature 
rises to 50°C. 
8.1.4 Discussion 
The LUT25-node model has been modified to perform backward modelling tasks. This 
enables the model to predict what any single parameter of thermal stress should be set in 
order to avoid an excessive thermal strain. Although this might seem an obvious 
question asked of thermoregulatory models and an attractive feature to introduce to the 
predictive capabilities of a model, only one other thermoregulatory model was found to 
have automated this process; the two node model of Azer (1979). However, this model 
was only developed to optimise exposure times during work rest scenarios, whereas the 
LUT25-node model is able to calculate how numerous other parameters of thermal 
stress should be altered to maintain thermal strain within defined limits, eg air and mean 
radiant temperature, air velocity, relative humidity, intrinsic clothing insulation, 
Woodcock permeability index and metabolic rate. Based on the information presented in 
the published literature it would seem that the backward modelling capability is another 
unique feature of the LUT25-node model. This adds to those already discussed in 
chapter 7. 
Although only three hypothetical scenanos were used to demonstrate the practical 
benefits of the backward model, it is possible to appreciate the advantage this offers the 
user of the model and the wealth of situations this feature could be applied. Further 
examples of where it could be applied include its use by thermal comfort engineers to 
establish a number of suitable thermal environments for differing occupations. 
Protective clothing designers can use it to determine the limits of clothing properties to 
fit the task in which the clothing will be worn. Furthermore, the backward modelling 
feature can be used by thermal physiologists to establish suitable test conditions for 
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experimental subjects. 
The backward modelling modification to the LUT25-node model provides foundations 
on which to develop this feature of the model further. For instance, it has already been 
advanced to simultaneously solve how each parameter of thermal stress (detailed in table 
8.1) would need to be altered separately to regulate thermal strain (Withey and 
Wadsworth, 1997). It is speculated that further modifications could be introduced to 
backward model acclimated state, anthropometry, clothing distribution or water loss 
statistics. Furthermore, there is the potential to configure the model to automatically 
produce charts like those detailed in figures 8.2 and 8.4. This would provide the user 
with instant information on comfort zones and safe working protocols for tasks they 
might have in mind. These additional improvements to the backward LUT25-node 
model would enhance its versatility and user interaction. 
8.2 The initial drop observed in deep body temperature with exercise 
When experimental subjects begin to exercise, after having rested in neutral to warm 
environmental conditions, it is common to observe an initial drop in deep body 
temperature (Robinson et ai, 1965, Wenger et ai, 1975, Saltin and Hermansen, 1966, 
Aikas et ai, 1962, Chappuis et ai, 1976, Ha et ai, 1995). This temporary fall in 
temperature is regularly attributed to the infusion of initially cool working muscles with 
warm arterial blood resulting in a cold venous return to the body core (Wenger et ai, 
1975, Aikas et ai, 1962, Chappuis et ai, 1976, Cranston et ai, 1954). Although this is a 
popular explanation for the initial temperature drop (lID) there is a lack of published 
experimental evidence to support this theory. It is questionable then that the convective 
flow of heat from body core to initially cool working muscle is the cause for the ITD. 
Responsibility could be wholly or partly due to other mechanisms; conductive heat 
transfer from body core to periphery, cold venous return from superficial tissues, or 
limitations in experimental protocols (changes in subject posture or movement of 
temperature probes at the onset of exercise). 
It is conceivable that establishing a definitive understanding on what causes and 
influences the ITD could yield a number of potential benefits. For instance, it could be 
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exploited during hot stressful exposures to reduce heat strain and extend tolerance times, 
or the information could be used in computer-based human thermoregulatory models to 
improve the accuracy of their predictions. Furthermore, the lID demonstrates a similar 
paradoxic change in internal body temperature as the afterdrop; the continued fall in 
deep body temperature observed in subjects re-warmed from severe or mild states of 
hypothermia. Early investigators of this physiological phenomenon suggest it is caused 
by peripheral vasodilation returning cold blood to the body's core (Mead and Bonmarito, 
1949, Burton and Edholm, 1969). Contemporary theories dismiss this concept and 
blame its occurrence on the continued flow of body heat from core to periphery via 
conduction (Golden and Hervey, 1977,81, Webb, 1986). Hence, considering the 
similarities that exist between these two physiological phenomena, it is possible that an 
understanding of the ITD could help establish theories on the cause of the afterdrop and 
possible treatments for re-warming victims of hypothermia. 
Interestingly, the LUT25-node model of human thermoregulation and additional models 
(Kraning, 1991,95, Wissler, 1961a,64,70) are known to predict the ITD. Figure 8.5 
shows an example of this in the head core of the LUT25-node model. Users of 
alternative versions of the LUT25-node model have also noticed this characteristic 
(Stolwijk and Hardy, 1977, Stolwijk, 1971, Hancock, 1980b,81a,b). Again, it is 
speculated that the occurrence of the ITD predicted by the LUT25-node model is the 
result of cold venous blood returning to the body core from initially cool working 
muscles. 
The aims of this study were to confirm the mechanism responsible for the ITD at the 
onset of exercise and investigate the parameters that affect it. The study involved two 
separate tasks. First, published experimental data was reviewed to determine what work 
has been conducted on the ITD. Second, the LUT25-node model was analysed to 
establish what mechanism causes it to predict this response. A further investigation with 
the LUT25-node model evaluated how the thermal stress of the environment, clothing 
and exercise, influence the characteristics of the ITD. The information obtained from the 
model analysis was used to interpret and expand on the knowledge gathered in the 
literature revi ew. 
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8.2.1 Methodology: Literature review on the ITD 
Only nine of the papers reviewed contained experimental data with ITD at the onset of 
exercise. Furthermore, none of this work was specifically geared to investigating the 
lID. 
The principle features of the lID (figure 8.5), its magnitude (M), duration (D) and time 
to maximum drop (T), were measured and interpreted from responses of internal body 
temperature presented in the papers. This notation describing the features of the ITD (M, 
D and T) will be used throughout the rest of this text. 
In addition to the figures, the only other information available in the literature relating to 
ITDs were an occasional reference to their presence and magnitude and an explanation 
of their occurrence. Further information gathered from the papers considered beneficial 
to the study, were details of the experimental protocols; the environmental conditions, 
exercise intensity, experimental schedules and frequency and location ofthe temperature 
measurements. 
8.2.2 Results: Literature review on the ITD 
Table 8.2 summarises the information on the ITD gathered from the published literature. 
Specific details on the results of the review follow. 
8.2.2.1 Anatomical temperature 
[TD were observed in all the main measures of deep body temperature (rectal, 
oesophagus, oral and aural), while the majority of these were observed in the 
oesophagus. Although not a common measure of internal body temperature, the work of 
Robinson et al (1965) provides examples ofITD in the femoral vein. 
Chappuis et al (1976) provides simultaneous examples of ITD in both tympanic and 
sublingual temperature responses. Comparisons between these measures consistently 
show larger [TD (M, D and T) in sublingual over tympanic temperature responses. 
Only one paper contained data with lIDs in rectal temperature (Ha et ai, 1995). Several 
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00 
00 
Investigator 
Aikiis et af 
(1962) 
Chappuis et af 
(I 976) 
Ha et af (1995) 
Hirata et af 
(1983) 
lohnson et af 
(1984) 
Kolka et af 
(1994) 
Robinson et af 
(1965) 
Saltin and 
Hermansen 
(1966) 
Wenger et af 
(1975) 
Environment Exercise type 
la - 23 - 24°C Cycle-
ergometer 
ta - 20 .. 30°C Cycle-
ergometer 
la - 24°C Cycle-
ergometer 
la - 20°C Cycle-
ergometer 
skin temperature maintained Cycle-
at 30 - 32°C with water ergometer 
perfused suit 
la - 30°C Treadmill 
exercise 
la - 16-25 °C Treadmill 
exercise 
ta -19-22°C Cycle-
ergometer 
ta - 35°C Cycle-
ergometer. 
Anatomical temperature Characteristis of the 
lID 
Oesophagus: Average M-O.I-OAoC; 
temperature of 3 subjects D = 3.0 - 7.5 minutes; 
T = 3.0 - 1.5 minutes. 
Tympanic and oral: M - 0.1 - 0.2 DC; 
Average temperature of D = 7.5 - 32.0 minutes; 
1I subjects T = 3.0 - 12.5 minutes. 
Rectal: Average M -0.1 DC; 
temperature of 5 subjects D = 17.0 minutes; 
T = 8.0 minutes. 
Oesophagus: Average M - 0.0 -0.2 DC; 
temperature of 4 subjects D = 4.0 - 30.0 minutes; 
T = 3.0 - 15.0 minutes. 
Oesophagus: Average M - 0.2 -0.3 DC; 
temperature of 4 subjects D = 6.0 - 8.0 minutes; 
T = 2.0 - 4.0 minutes. 
Oesophagus: Individual M -0.3 DC; 
temperature of one D = 6.0 minutes; 
subject T = 2.5 minutes. 
Femoral vein: Individual M = 0.0 - l.l DC; 
temperature of 3 subjects D = 0.0 - 7.0 minutes; 
T = 0.0 - 2.5 minutes. 
Oesophagus: Individual M - 0.0- 0.2 DC; 
temperatures of 7 subjects D = 0.0 - 7.5 minutes; 
T ~ 0.0 - 3.0 minutes. 
Oesophagus: Individual M~O.I DC; 
temperature of one D ~ 2.5 minutes; 
subject T ~ I. 5 minutes. 
Table 8.2 
Details on the ITD gathered from the published literature 
of the other studies did measure rectal temperature (Robinson et aI, 1965, Saltin and 
Hermansen, 1966 and Aildis et aI, 1962) but none of these contained ITDs. 
8.2.2.2 Characteristics of the ITD 
The maximum values for M, D and T of the lIDs were respectively 1.1 cC, 32 minutes 
and 15 minutes. The largest fall in temperature (M) was observed in the femoral vein 
(Robinson et aI, 1965). 
8.2.2.3 Environment 
ITDs occurred in air temperatures between 16°C and 35 cC. Only two of the studies 
(Robinson et aI, 1965 and Chappuis et aI, 1976) conducted experiments investigating 
how variations in air temperature affect thermal response. Results from both these 
studies show that as air temperature increases, M, D and T of the ITD decrease. Figure 
8.6 shows the sublingual temperature responses taken from Chappuis et al (1976). The 
figure shows that as air temperature increases from 20°C to 30 cC, M reduces from 0.24 
- 0.05 cC, D from 32.5 - 20 minutes and T from 12.5 - 10 minutes. It is noticeable in the 
work of Robinson et al (1965) that lIDs disappear when air temperature is raised above 
35°C. 
8.2.2.4 Exercise 
ITD were predominantly observed in subjects performing cycle-ergometer exercise, with 
the exception of Robinson et al (1965) and Kolka et al (1994) in which treadmill 
walking was performed. 
Two of the studies (Aikas et ai, 1962 and Hirata et ai, 1983) investigated the influence 
of exercise intensity on the human thermal response. These both show that as exercise 
intensity increases the characteristics (M, D and T) of the ITD decrease. This response is 
best illustrated with the results from Hirata et al (1983)(figure 8.7), who exercised four 
healthy male subjects at 20, 35 and 45 % of their maximum oxygen uptake. Figure 8.7 
shows that as exercise intensity increases, M reduces from 0.2 - 0.07 cC, D from 30 -10 
minutes and T from 15 - 5 minutes. 
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Figure 8.6 
Sublingual temperature responses taken from Chappuis et al (1976). 
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8.2.3 Model analysis 
The purpose of the LUT25-node model in this study was to provide supporting 
information to help interpret and expand on the findings from the literature review. To 
fulfil this need two separate investigations were performed on the model. 
8.2.3.1 Methodology: Determine why the LUT25-node model predicts ITDs 
The LUT25-node model predicts lID in several of its anatomical compartments (head 
core, trunk core and central blood compartment). This study investigated the cause for 
the model predicting an ITD in its head core compartment. However, it was later found 
that the mechanism for the lID in the head core compartment is also responsible for its 
occurrence in the other compartments of the model. 
The study involved three consecutive investigations, analysing the heat balance in 
several tissue compartments of the LUT25-node model. Initially, the heat balance in the 
head core compartment of the model was analysed to identify the direct cause for the 
lID in this region. This lead to successive heat balance studies in the central blood and 
leg muscle compartments of the LUT25-node model in order to isolate the fundamental 
cause for the ITD. 
8.2.3.2 Methodology: Characteristics of the ITD 
The second study investigated how the thermal stress of the environment, clothing, and 
exercise intensity affect the ITD predicted by the LUT25-node model. This involved 
making individual changes to the input parameters of the model to establish the affect 
each has on the predicted lID. Table 8.3 details the control inputs to the model and the 
isolated change made to each input parameter. 
For each simulation the LUT25-node model was initially operated under resting 
conditions (metabolic rate = 46 W.m·2) for a simulated exposure of five hours to 
thermally equilibrate its tissue compartment temperatures with the environmental and 
clothing inputs. This ensured lID were initiated by the onset of exercise only and not by 
step changes in other external disturbances (eg dry and mean radiant temperature ete). 
Once thermally balanced with the simulated conditions, the LUT25-node model was 
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then operated under working conditions. The simulated work period lasted 1 hour with 
outputs from the model gathered at I-minute intervals. 
Model input parameter 
Air temperature (0C) 
Mean radiant temperature (0C) 
Air speed (m.s·') 
Relative humidity 
Intrinsic clothing insulation (Clo) 
Clothing permeability index (ND) 
Metabolic rate (W.m-') 
Control inputs Input change 
30.0 ±S.O 
30.0 ±S.O 
1.00 ±0.9 
0.50 ± 30.0 
1.50 ± 1.0 
0.35 ± 0.1 
100.00 ± 50.0 
Table 8.3 
Model inputs testing the characteristics of the 
ITD predicted by the LUT25-node model. 
8.2.4 Results: Determine why the LUT25-node model predicts ITDs 
Independent of the environmental clothing or working conditions, the head core 
compartment of the LUT2S-node model generates metabolic heat at a constant basal rate 
of 15 Watts. This heat is liberated by the processes of conduction (via direct contact with 
the surrounding muscle layer) and convection (due to blood-tissue temperature 
gradients). 
Figure 8.8 shows the heat balance in the head core compartment of the LUT25-node 
model for the first ten minutes on exposure to the conditions presented in figure 8.5. 
Figure 8.8 shows that convective heat transfer is the direct cause of the ITD in the head 
core compartment. This heat exchange has the same transient profile as the ITD and has 
the greatest influence on the total heat transfer within the head core. 
The head core exchanges convective heat only with the central blood compartment. The 
equation describing this process is: 
(8.1) 
Where: 
Qhc = convective heat loss from head core (W); 
bfhc = blood flow betwecn head core and central blood compartment 
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(W.0c-\ 
the = temperature of the head core (0C); 
~b = temperature of the central blood compartment (0C). 
Irrespective of the exposure conditions, bfhc in equation 8.1 remains constant. Hence, it 
is possible to conclude that the transient convective heat exchange in figure 8.8 is 
governed by the response of the temperature gradient (the - ~b)' By examining the profile 
of the convective heat exchange in figure 8.8, ~b must be initially lower than and fall at a 
greater rate than the- Temperature plots of the head core and central blood compartments 
(figure 8.9) confinn this. The figure shows that for the first 1.5 minutes of the exposure, 
the central blood compartment temperature is initially lower and falls at a greater rate 
than the head core. This increases the convective heat flow from the head core to the 
central blood compartment forcing the head core temperature to fall. 
Because of the strong dependence on teb. the investigation was extended to evaluate the 
most prominent factor influencing central blood compartment temperature. This 
compartment exchanges convective heat with all tissue compartments of the LUT25-
node model. A bar chart (figure 8.10) was produced detailing the convective heat 
transfer between the central blood compartment and all additional compartments of the 
LUT25-node model at the start of exercise. The chart shows that apart from head and 
trunk core, convective heat is transferred from the central blood compartment to all the 
other tissue regions of the model, with the greatest heat loss passing to the leg muscle. 
This establishes that the drop in central blood compartment temperature at the onset of 
exercise is largely due to the convective heat exchange between itself and the leg muscle 
compartment. 
The instantaneous convective heat exchange between the central blood and leg muscle 
compartments is governed by a relationship similar to equation 8.1, where: 
Where: 
Q'm = convective heat loss from leg muscle (W); 
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b~m = blood flow between leg muscle and central blood compartment 
(w.°e·'); 
t'm = leg muscle compartment temperature eC). 
Figure 8.9 shows that for the first 8 minutes of the exposure, t'm is lower than, but 
steadily rises towards t.:b. This initial temperature gradient dictates that convective heat 
flows from the central blood compartment into the leg muscles. Although this gradient is 
important for the drop in central blood compartment temperature (and so lID) to occur, 
it is not the principle factor governing its onset It is possible for this temperature 
gradient to exist without the LUT25-node model predicting any ITD (as during rest). 
Hence, b~m in equation 8.2 must also contribute to the onset of the ITD. 
The blood flow to each muscle compartment of the LUT25-node model is directly 
proportional to its metabolism. With exercise, the total exercise generated metabolism is 
divided amongst all muscle compartments according to the proportions illustrated in 
figure 8.1 L This shows that the leg muscle compartment generates 60 % of the total 
exercise generated metabolism. 30 % is produced in the trunk muscle, 8 % in the arms 
and 2 % in the muscles of the hands and feet This distribution of exercise generated 
metabolism is intended to reflect exercise on a cycle ergometer and is currently the only 
type of exercise the LUT25-node model can simulate. 
Figures 8.9 and 8.11 illustrate the reason for the large flow of convective heat between 
the central blood and leg muscle compartments (figure 8.10). They also isolate the 
fundamental cause for the LUT25-node model predicting ITDs. Essentially, it is the 
result of an increased perfusion of cool working muscles at the onset of exercise. 
Arterial blood entering the muscles is cooled, which subsequently cools central body 
regions on its return to the body core. As the majority of the exercise generated 
metabolism and so blood flow occurs in the leg muscle, this compartment has the largest 
influence on the ITD predicted by the model. However, as the temperature of the other 
muscle compartments are also initially cooler than core compartment temperatures, 
these also contribute to the ITD. This is confirmed by eliminating the convective flow of 
heat between central blood and leg muscle compartments. Figure 8.12 illustrates that this 
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significantly reduces the lID, but does not completely remove it. However, if the 
convective flow of heat between the central blood and all muscle compartments is 
occluded, the lID in the head core and all other central body compartments in which it 
occurs is eliminated. 
8.2.5 Results: Characteristics of the ITD 
Table 8.4 summarises the results of the investigation examining the influence the user 
inputs of the LUT25-node model have on its predicted lID. The table shows that for the 
chosen conditions, air and mean radiant temperature and intrinsic clothing insulation 
have an inverse affect on the lID. This is illustrated in figure 8.13 for the changes made 
to air temperature. Metabolic rate is also shown to have an inverse affect on D and T of 
the lID, but a direct relationship exists between metabolic rate and the magnitude (M) 
of the lID predicted by the model. 
Air speed has a limited impact on the lID, though the results indicate that this parameter 
has a direct affect on the characteristics of the lID. Relative humidity and clothing 
permeability had no observable influence on the ITD. 
8.2.6 Discussion 
There are numerous points of discussion associated with the results from the 
investigation of the lID. These are discussed separately in the following sections. 
8.2.6.1 Mechanism for the ITD 
The analysis of the LUT25-node thermoregulatory model, confirms that its prediction of 
ITDs is due to the perfusion of initially cool working muscles with warm arterial blood, 
resulting in a temporary cold venous return to core compartments. These findings agree 
with previous speculations on what causes the ITD in both the model (Stolwijk and 
Hardy, 1977, Stolwijk, 1971, Hancock, 1980b,8Ia,b) and in experimental data (Wenger 
et ai, 1975, Aikas et ai, 1962, Chappuis et ai, 1976, Cranston et ai, 1954). 
Results from the literature reVIew have been unable to substantiate this expected 
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Air temperature (0C) 
Mean radiant 
temperature eC) 
Air velocity (m.s·') 
Relative humidity (ND) 
Intrinsic .clothing 
insulation (clo) 
Clothing permeability 
index (ND) 
. 
Initial metabolic rate 
(W.m·2) 
M (0C) D (minutes) T (minutes) 
35.00 0.09 12 4 
30.00 O. \3 IS 6 
25.00 0.21 20 7 
35.00 0.10 \3 5 
30.00 0.\3 IS 6 
25.00 0.17 17 7 
1.90 O. \3 IS 6 
1.00 0.13 15 6 
0.10 0.12 14 5 
0.80 0.\3 IS 6 
0.50 0.\3 IS 6 
0.20 O. \3 15 6 
2.50 0.10 14 5 
1.50 0.\3 IS 6 
0.50 0.24 22 7 
0.45 O. \3 15 6 
0.35 0.13 15 6 
0.25 O. \3 IS 6 
150.00 0.15 9 4 
100.00 0.13 15 6 
50.00 0.02 36 10 
Table 8.4 
Characteristics of the ITD predicted by the LUT25-llode model 
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mechanism for the lID. However, the results have provided strong indications that the 
convective flow of heat from body core to working muscles is the process responsible 
for the lID. Probably the most prominent of these has been the measurement of lID in 
the femoral vein by Robinson et al (1965). Fluctuations in the temperature of the blood 
in this vessel wi 11 affect the temperature of the body core as the blood flows towards the 
heart. If it is assumed that there is no lID in the arterial blood supplying the leg at the 
onset of exercise, then the mechanism for the lID observed in the femoral vein must 
originate from the leg. Consequently, there exist two possible explanations, which could 
either or both account for the lID. 
First, a reduction in the counter-current heat exchange between blood vessels could 
cause an lID in the femoral vein. This vessel accompanies its opposing artery along the 
length of the limb. Temperature gradients between these vessels encourage counter-
current heat exchange especially when blood flow is low (as during rest). Furthermore, 
there is possible counter-current heat exchange between the minor branches and 
tributaries of these vessels. With exercise, blood flow to the limb increases. This reduces 
counter-current heat exchange between arterial and venous circulations leading to 
possible drops in femoral vein blood temperature. However, as less heat is transferred 
from artery to vein, arterial blood is supplied to working muscles at a higher temperature 
which helps promote rapid rises in muscle temperature as seen in the results of Robinson 
et al (1965) and Aikiis et al (1962). 
Second, lID in the femoral vein could be introduced by the cooling of wann arterial 
blood by initially cool working muscles. Both the LUT25-node model (figure 8.9) and 
experimental measures (Robinson et ai, 1965, Aikiis et ai, 1962) show that at rest, in 
neutral to warm environmental conditions, leg muscle temperatures are initially lower 
than internal body temperatures. At the onset of exercise, there is increased perfusion of 
initially cool working muscles with warm arterial blood. This blood is cooled by the 
muscles, which when mixed again in the venous system is at a lower temperature than 
the blood flowing through the femoral vein prior to exercise. This effect was emphasised 
by Glaser and HoImes (1951), who cooled the lower legs in water at \0 °C for 30 
minutes prior to the onset of exercise. With exercise (consisting offlexion and extension 
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of the feet and toes), a drop in rectal temperature was observed. 
There does exist a third possible explanation for the lID observed in the femoral vein; 
an increase in the return of cool blood from more superficial tissues of the leg. Many 
studies show skin temperature initially falls with the onset of exercise, due to increases 
in convective and evaporative cooling through body movement (Robinson et ai, 1965, 
Chappuis et ai, 1976, Hirata et ai, 1983, Kolka et ai, 1994, Johnson et ai, 1984, Grucza 
et ai, 1987, Smolander et ai, 1987, Aulick et ai, 1981, Hong and Nadel, 1979). 
Consequently, blood circulating in the superficial tissue can also be expected to cool to a 
similar degree, contributing to temperature drops in the femoral vein. However, there are 
reasons to doubt the significance superficial blood flow has on femoral vein temperature. 
With exercise, muscle blood flow is substantially larger than that of the skin so the 
temperature of the blood in the femoral vein will be governed by that returning from the 
leg muscle. Furthermore, at the onset of exercise, skin blood flow will be compromised 
by both competition from the exercising muscles for blood, and the initial cooling of the 
skin with the onset of exercise will initiate vasoconstriction. 
8.2.6.2 Anatomical temperature 
The majority of the ITD discovered in the literature review occurred in the oesophagus. 
It is possible that this result is significant, based on the understanding that the ITD is a 
convective process. 
It is well appreciated that oesophageal temperature closely responds to changes in 
central arterial blood temperature (Saltin and Hermansen, 1966, Aikas et ai, 1962, 
Nielsen and Nielsen, 1962) because of its low thermal inertia, heat production and 
proximity to the heart and major blood vessels (Aildis et ai, 1962). Consequently, of the 
practical measures of internal body temperature available, it is most likely for ITDs to be 
detected in the oesophagus. Alternatively, rectal temperature is known to be a relatively 
insensitive measure of body core temperature (Aikas et ai, 1962, Nielsen and Nielsen, 
1962, Stolwijk and Hardy, 1966b) due to its high thermal inertia and relatively low 
circulation (Aikas et ai, 1962, Nielsen and Nielsen, 1962). This might explain why only 
one of the reviewed papers provides examples of ITD in the rectum (Ha et ai, 1995) 
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while three (Robinson et ai, 1965, Saltin and Hennansen, 1966, Aikas et ai, 1962) do 
not, even though these papers do provide examples of ITDs in alternative regions of the 
body (oesophagus, femoral vein). 
Based on the relative sensitivity of these two measures of body temperature it could be 
expected that the magnitude of lIDs observed in the oesophagus will be larger than 
those in the rectum, while their duration (0) and time to maximum onset (T) will be 
shorter. It was not possible to confirm this relationship in the literature review, as none 
of the papers provided simultaneous measures of lID in the oesophagus and rectum. 
However, investigations of the predictions made by the LUT25-node model revealed 
that ITD in its central blood compartment (= oesophageal temperature) have a higher 
magnitude but shorter duration and time to maximum onset than those in the trunk core 
(= rectal temperature). 
Although the relative sensitivity of internal temperature measures provides a plausible 
explanation for the existence of ITD in one region of the body over another, this is only 
a cautious hypothesis. The literature review is based on the findings from nine 
independent investigations, where the frequent observation of lID in one body region 
over another could be due to the popularity of measuring the internal body temperature 
at that location. Furthennore, the protocols of each study will complicate any 
associations made between each investigation; eg inter-subject differences, work 
intensity and type, experimental equipment used, and the environmental and clothing 
conditions. 
One study (Chappuis et ai, 1976) does provide simultaneous examples of ITDs in two 
separate body locations: in tympanic and sublingual temperature responses. The 
characteristics of the ITD observed in sublingual temperature were consistently larger 
than those in the tympanum. It is possible that the consistent difference in these results 
could be due to differences in the specification of the temperature probe used in each 
location. However, the investigators do mention that the thennocouple used on the 
tympanum was a low thennal inertia device, which could be considered more responsive 
to changes in local temperature than that used in the mouth. 
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Three physiological effects could possibly explain the consistent difference in the 
temperature responses. First, the location of the measuring device within the anatomical 
region could be a factor. There are numerous large superficial blood vessels in the mouth 
compared with the tympanum. The temperature probe in the mouth could have been 
located adjacent to one of these vessels making direct measurements of local changes in 
blood temperature compared with measurements of local tissue temperature in the 
tympanum. Second, the blood perfusion in the mouth is higher than it is in the 
tympanum. Therefore, temperature measures in the mouth will be closely related to 
changes in overall blood temperature than those in the tympanum. Third, blood 
perfusing the tympanum may have experienced a greater degree of convective (blood-
tissue) and counter-current (blood-blood) heat exchange than that in the mouth. Both 
regions receive blood from the external carotid artery via branches. The branch 
supplying the mouth (lingual artery) is distal to those supplying the tympanum (posterior 
auricular artery, maxillary artery) which increases the flow path and heat exchange 
experienced by the blood supplying the tympanum. This will attenuate temperature 
fluctuations in the blood supplying the tympanum compared with the mouth. 
8.2.6.3 Characteristics of the ITD 
Both the measured data and the LUT25-node model demonstrate that air temperature 
has an inverse affect on the characteristics of the ITD. Hancock (1980b) also noticed this 
relationship in the predictions from an alternative version of the LUT25-node model. 
Additional investigations with the LUT25-node model found that mean radiant 
temperature and intrinsic clothing insulation also have an mverse affect on the 
characteristics of the lID. Alternatively, the model showed that air speed has a positive 
influence on it. 
It is noticeable in the work of Robinson et al (1965), that as air temperature increases the 
temperature difference between resting leg muscle (gastrocnemius) and rectum reduces. 
A similar effect is also observed in the LUT25-node model. Figure 8.14 shows that as 
air temperature increases, resting leg muscle temperature of the LUT25-node model 
rises towards the resting central blood compartment temperature. This reduction in the 
core-muscle temperature gradient with increasing air temperature will reduce the amount 
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of heat absorbed by the muscles from the arterial blood at the onset of exercise. This 
would account for reductions in the characteristics of the lID with increasing air 
temperature. An identical process explains the influence that mean radiant temperature, 
intrinsic clothing insulation and air speed has on the lID. 
The LUT25-node model demonstrated that relative humidity and clothing permeability 
have no affect on the lID. However, additional investigations discovered that at a higher 
thermal stress, where the evaporation of sweat is important for maintaining body 
temperature, alterations in the relative humidity and clothing permeability did influence 
the lID predicted by the modeL Clothing permeability was found to have a positive 
influence on the lIDs characteristics, whilst relative humidity has a negative affect. 
Again, the impact of these two variables on the lID is a result of changes in core-muscle 
temperature gradients. 
The literature review established that metabolic rate has an inverse affect on the 
characteristics of the lID (Hirata et ai, 1983, figure 8.7). Similarly, the LUT25-node 
model confirmed that exercise has an inverse affect on T and D of the ITD but indicates 
that it has a direct influence on its magnitude (M). In agreement with the. predictions 
from the model, Hong and Nadel (1979), who conducted human experiments in the cold, 
also discovered that exercise intensity has a direct influence on the magnitude of the 
ITD. Their results are illustrated in figure 8.15. 
It is speculated that the conflicting results of Hirata et al (1983) and Hong and Nadel 
(1979) are due to the separate environmental conditions in which they performed their 
experiments. Hirata's experiments were conducted in an air temperature of 20°C, while 
Hong and Nadel performed theirs in an air temperature of 10°C. As discussed 
previously, increasing air temperature reduces core-muscle temperature gradients. 
Therefore, at the onset of exercise, the convective heat transfer between working 
muscles and arterial blood is higher in Hong and Nadel's subjects than in those of Hirata. 
Competition to warm initially cool working muscles occurs between convective heat 
exchange and the muscles own metabolic heat production. In the case of Hong and 
Nadel, convective heat exchange has a more prominent role than metabolic heat 
205 
production in warming the muscles. Consequently, at the onset of exercise there is a 
rapid transfer of heat from body core to worlcing muscles. Exercise intensity augments 
this process causing larger and more rapid drops in body core temperature promoting 
high rates of increase in muscle temperature. This reduces rapidly the convective heat 
exchange between body core and muscle, resulting eventually in a swift increase in body 
core temperature (figure 8.15). 
Alternatively, in Hirata's subjects (figure 8.7), the lower convective heat exchange 
between core and working muscles means that at the onset of exercise metabolic heat 
production has the greatest influence in warming the working muscles. The differential 
impact each heating process has in warming the working muscles increases with 
exercise intensity. Hence, at high rates of exercise there is less demand on convective 
heat exchange to warm the working muscles which results in lower and shorter ITD in 
body core temperature. 
The above hypothesis however, does not explain why at 30°C air temperature the 
LUT25-node model predicts a direct relationship between exercise intensity and the 
magnitude of the ITD. In an attempt to explain this, additional predictions were obtained 
from the model. The environmental and clothing inputs to the model were maintained at 
the control inputs detailed in table 8.3, while exercise intensity was increased. A plot 
was produced (figure 8.16) comparing exercise intensity with magnitude ofITD. This 
shows that the model predicts a maximum magnitude for the ITD at around 150 W.m·2 
and a positive and negative relationship between exercise intensity and the ITD 
magnitude below and above this maximum respectively. Hirata's results (figure 8.7) 
suggest that this maximum response must also occur in human SUbjects. With respect to 
figure 8.7, the transition from a resting condition in which no ITD will arise to the 
maximum observed at 20 % maximum oxygen uptake, must involve gradual increases in 
the magnitude of the ITD as exercise intensity is increased. Above 20 % of maximum 
oxygen uptake, the magnitude of the ITD reduces, indicating the existence of an exercise 
rate at which a maximum magnitude in the ITD will occur. 
A fmal observation from the literature revIew IS that subjects were predominantly 
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performing cycle ergometer exercise over treadmill walking. It is unclear if the 
predominance of subjects performing cycle ergometer exercise is a significant result or 
not. It could suggest that alterations in posture or the activation of different muscle 
groups could have influenced this result. Alternatively, this outcome could be due to the 
popularity of using cycle-ergometers to exercise experimental subjects over treadmill 
walking. 
8.2.6.4 Limitations of the experimental protoco\s 
It is possible the lIDs observed in the literature could have been influenced by a number 
of limitations associated with the experimental protocols. Deep body temperature for 
instance has been shown by both Cranston et al (1954) and Iikuisis and Ducharme 
(1994,96) to drop when subjects are transferred from an upright to a more reclining 
posture. However, examination of the experimental studies used in the literature review, 
found subjects stabilised their body temperature in the exercise position, or changed 
from a seated to a standing position before exercise. Thus, the affect of postural changes 
on the observed lIDs will have been eliminated. Furthermore, postural changes tend to 
produce a gradual rather than the immediate change in internal body temperature 
associated with the lID. 
Significant variations in temperature have been discovered along the rectal passageway 
(Mead and Borunarito, 1949, Nielsen and Nielsen, 1962) and oesophagus (Cranston et 
ai, 1954). Movement of temperature probes at the onset of exercise could therefore 
indicate the occurrence of a false lID. There are no assurances from the literature that 
gross movements of the temperature probes did not occur, though it is usually common 
practice to externally secure probe leads to the subjects skin to prevent such movement. 
However, there is still the possibility of postural alterations and body movement at the 
onset of exercise laterally displacing temperature probes onto locally cooled regions of 
the body cavity, resulting in an apparent ITD. The inaccessibility of the body cavities at 
which internal body temperatures are measUred restricts the estimation of this affect on 
the experimental results. 
It is common to observe temporary drops in deep body temperature when experimental 
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subjects are passively transferred from a cool to a warm environment (Cranston et ai, 
1954, Totel, 1974, Wells and Horvath, 1974, Kobayashi et ai, 1980, MacDonald and 
Wyndharn, 1950, Fox et ai, 1963, Givoni and Goldman, 1972). This response is usually 
explained by an increase in the return of cold venous blood from superficial tissue due to 
vasodilation (Cranston et ai, 1954, MacDonald and Wyndharn, 1950, Fox et ai, 1963, 
Drinkwater et ai, 1976, Mairiaux et ai, 1983). MacDonald and Wyndharn (1950) 
confirmed the mechanism for this physiological response with a simple human thermal 
model. The significance of this human thermal response is also appreciated by Huckaba 
and Tarn (1980), who introduced this characteristic into the predictions of a 
thermoregulatory modeL This response was taken into account when choosing the 
physiological data for the literature review, by confirming experimental protocols 
allowed a period of body temperature stabilisation with the environmental conditions 
prior to the onset of exercise. lID for instance were observed in the work of Mairiaux et 
al (1983), but due to simultaneous rises in air temperature with the onset of exercise the 
information in this paper was excluded from the literature review. 
Although limitations in experimental protocols could produce the appearance of false 
ITD, it is possible that experimental limitations have resulted in a failure to detect their 
presence; especially as none of the experimental data reviewed was specifically designed 
for investigating this physiological phenomenon. For instance, the ITD is a relatively 
small change in body core temperature with a short life span. Temperature probes need 
to be capable of detecting small rapid changes in body temperature, while these 
measurements should be logged at a frequency capable of capturing the detailed 
characteristics of the ITD. The location of the temperature probe could also be 
significant on whether the drop is detected or not. Mead and Bonmarito (1949) for 
instance, have demonstrated differential rates of temperature change along the rectal 
passageway. Finally, data for this literature review was interpreted from figures 
presented in published papers. It is possible that ITD could have been disguised or 
inadequately presented in the published literature due to poorly scaled graphs and data 
averaging of experimental results. 
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8.2.6.5 Limitations of the LUT25-node model 
Operators of alternative versions of the LUT25-node model (Stolwijk and Hardy, 1977, 
Stolwijk, 1971, Hancock, 1980b,81 a,b) suggest that the predicted lID is an 
inconsistency of the model, as experimental results used to form comparisons with 
predictions from the model did not show a similar initial response. The literature review 
of this study confirms that lID do occur in human subjects, so the discrepancy between 
measured and predicted experimental data must be a result of limitations associated with 
either the experimental protocols (as discussed above) or the thermoregulatory model. 
The model possesses three major limitations that could cause it to overestimate or 
predict lID when they would not normally occur. All these have been identified by 
previous users of alternative versions of the LUT25-node model (Stolwijk and Hardy, 
1977, Stolwijk, 1971, Hancock, 1980b,81a,b). First, it does not allow for a time lag 
between the onset of exercise and the increase in blood flow to the working muscles, 
which is aroused through the development and repayment of an oxygen debt. This 
would allow a degree of muscle pre-warming through metabolic heat production prior to 
the increase in muscle blood flow. Second, there is no segmental recruitment of 
exercising muscles in the model. With exercise, the whole leg muscle mass of the 
LUT25-node model is innovated compared with the actual situation in which specific 
muscle groups are activated. As demonstrated in additional studies with the model (not 
reported here), increasing the mass of the model's leg muscle increases the 
characteristics of the ITD. Hence, by not considering the segmental recruitment of 
muscle with exercise, the difference in the mass of cool muscle supplied with warm 
blood will cause larger ITD. Third, the model does not account for counter-current heat 
exchange between arterial and venous blood. Hence, venous return enters the core 
compartment at a much lower temperature than would normally occur. 
8.2.6.6 Similarities between the ITD and the afterdrop 
This study agrees that the ITD is caused by the return of cold venous blood to the body 
core from initially cool working muscles. Early investigators also believed the afterdrop 
was a convective process; vasodilation increasing the return of cool blood from 
peripheral tissue to the body core (Burton and Edholm, 1969, Mead and Bonmarito, 
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1949). This theoretical mechanism for the afterdrop was investigated by Savard et al 
(1985). While re-wanning subjects from mild hypothermia, they observed no initial 
change in forearm or calf blood flow and only an ineffective increase in foot blood flow. 
Significant increases in peripheral blood flow only occurred when body core 
temperature had begun to rise and was above 36.5 °C. Their work concluded that the 
afterdrop was not the result of vasodilation returning cold blood to the body core. 
Studies performed on human subjects (Webb, 1986), mathematical (Golden and Hervey, 
1981) physical (Webb, 1986, Golden and Hervey, 1981) and biological (Pigs)(Go1den 
and Hervey, 1977,81) models indicate that the afterdrop is caused by the conduction of 
heat from core to adjacent tissue layers. Further investigators agree that a conductive 
mechanism is responsible for the afterdrop, but a convective mechanism does contribute. 
Romet (1988) rationalised that a convective process must contribute to the afterdrop 
when observing higher rates of fall in core temperature during the falling phase of the 
afterdrop compared with when subjects are being cooled. These differential rates of fall 
in temperature are clearly shown in the oesophageal temperature responses of Savard et 
al (1985), who also postulates that small peripheral blood flows could contribute to the 
afterdrop, but are not prolific enough to be the isolated cause of it. 
Contrary to the evidence supporting a conductive mechanism influencing the afterdrop, 
there are no reasons to support a conductive mechanism influencing the ITD.The factors 
supporting such a claim are, 1) the ITD is observed in environmental conditions which 
are thermally neutral to warm, which support low thermal gradients between core and 
periphery, and so low rates of conductive heat transfer, 2) the physiological response is 
observed in subjects exercising from an initial state of thermal equilibrium with the 
environment, so conductive heat flows out of the core are balanced by the metabolic heat 
production of the region. Webb (1986) and Golden and Hervey (1981) for instance, did 
not observe afterdrops in subjects whose body temperatures had stabilised with the cold 
conditions used in their studies. It is speculated that if subjects had begun exercising 
directly after the cooling period a drop in body core temperature would have occurred 
reliant totally on a convective mechanism. Hong and Nadel (1979) observed this 
response in their results when they exercised subjects who had previously rested for an 
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hour in an environment at 10 °C (figure 8.15). 
Although the temperature drops observed by Hong and Nadel (1979) do occur in the 
cold, they are associated with the ITD observed in the literature review of this study and 
those predicted by the LUT25-node model. They cannot be considered afterdrops as 
they are not a continued drop in body temperature during re-warming, but a temperature 
drop occurring with the onset of exercise, initiated purely by the return of cold venous 
blood to the body core from initially cool working muscles (an identical process to the 
ITD). It is possible to categorise the ITD as a separate physiological response to the 
afterdrop, while each phenomenon is known to influence the other. Giesbrecht and 
Bristow (1992) for instance observed larger afterdrops in subjects who exercised after 
cooling compared with those who shivered to raise body temperature, especially in 
subjects with a larger percentage of body fat (Giesbrecht and Bristow, 1995). 
8.3 Conclusion 
To establish and confirm the practical benefits of mathematical thermoregulatory models 
this chapter has detailed two fundamentally different applications of the LUT25-node 
model. The first concerned the development of the LUT25-node model to backward 
model, ie to estimate how any single parameter of thermal stress should be set to 
maintain deep body temperature within acceptable limits. The second. application 
involved the use of the LUT25-node model to explain the initial drop in deep body 
temperature with the onset of exercise. In addition to improving the predictive 
capabilities of the LUT25-node model and providing information on what causes the 
initial temperature drop, it is hoped that this work will encourage further investigators to 
develop and make practical use of thermoregulatory models. However, it isappreciated 
that all models inherently possess limitations and these are considerable in mathematical 
models of human thermoregulation. Therefore, predictions from models should be used 
only for the purposes of interpretation and should not be relied upon solely to answer 
questions concerning human thermoregulation and the human thermal response. 
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CHAPTER 9 
Cold exposure predictions from the LUT2S-node model 
9 Cold exposure predictions from the LUT25-node model 
Haslam (1989) and Haslam and Parsons (1989) discovered that the LUT25-node model 
provides acceptable predictions of the human thermal response during wann exposures, 
but is less accurate in the cold. This limitation in the predictive perfonnance of the 
model was attributed to the small number of thermal layers (four) within each body 
segment of the model. The argument being that the four thermal layers are incapable of 
capturing the true temperature profile through its passive system. Similar observations 
and conclusions were arrived at by additional investigators using alternative versions of 
the LUT25-node model (Stolwijk and Hardy, 1977, Stolwijk, 1971, Richardson, 1988b, 
Wissler, 1971). 
As cited by Gordon and Roemer (1975b), Wissler (1971) was probably the first to 
investigate the influence that thermal layers have on the predictions from human 
thermoregulatory models, when he compared the output from a simple 14-node model 
and a complex 250-node model. Results confirmed that the 250-node model was more 
accurate than the 14-node model at predicting the human thermal response. However, 
the study was limited by inherent differences in the models (differences in their 
controlling mechanisms, passive systems ere), which could have also contributed to the 
accuracy of the predictions from the models. 
Prompted by the results ofWissler (1971), Gordon and Roemer (1975a,b) investigated 
the influence that nodal numbers and nodal spacing had on the predictions of a single 
thermoregulatory model, similar in structure to the LUT25-node model. Results from 
their studies revealed that increasing the number of nodes in the model reduced 
mathematical errors, especially in cold environments, but they failed to demonstrate 
whether this increased the accuracy of its predictions when compared with human 
thermal responses. 
The predictions from the model were compared with human thermal responses 
measured under warm to hot environmental conditions, from which Gordon and Roemer 
(I 975b) showed that the number of nodes in their model had very little impact on the 
accuracy of its predictions. They concluded that inaccuracies in the predictions from 
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their model during wann to hot exposures must be due to either or both, limitations in its 
controlling mechanism, or in the fundamental structure of its passive system. 
The conclusions ofGordon and Roemer (l975a,b) suggest that similar limitations could 
affect the accuracy of the predictions from the LUTI5-node model in the cold, and could 
have a more prominent impact on its solutions than the number of thennallayers in its 
body segments. This is further suggested in the results of Has lam (1989), who found that 
in comparison to the LUTI5-node model, the LUTI-node model, possessing only two 
temperature nodes through its cross section, provided consistently better trunk core 
temperature predictions for cold exposures. 
Establishing what aspects of the LUT25-node model affect its temperature predictions in 
the cold would provide direction on where resources should be concentrated to enhance 
the predictive perfonnance of the model. Hence, this study investigated whether the 
limited number of thennal layers in the LUT25-node model is the cause for its poor 
predictions in the cold, or whether this is attributable to more fundamental limitations in 
the characteristics of the model (eg thennoregulatory control system or physical fonn). 
9.1 Methodology 
The study involved the development of two alternative versions of the LUT25-node 
model: The first, a multi-layered LUTI5-node model with an optimised number of 
temperature nodes; the second, a 'cold' LUT25-node model addressing more 
fundamentallirnitations in the ability of the model to predictaccurately in the cold. 
9.1.1 The multi-layered LUT25-node model 
A commercial numerical software package (pHOENICS) was used to develop the multi-
layered LUT25-node model. The benefit of using PHOENICS (or any other numerical 
software) to develop the LUT25-node model, is that it provides an instant structured 
flexible framework on which to develop mathematical models. This reduces 
development time and provides the versatility to introduce numerous temperature layers 
(nodes) into a thermoregulatory model. There were additional incentives for developing 
a multi-layered thermoregulatory model with PHOENICS. With commercially available 
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software it is possible to capitalise on developments in engineering analysis, such as in 
the modelling of radiative, convective or evaporative heat transfer. Furthermore, to the 
authors knowledge, no other thermoregulatory model has been developed with this type 
of software and so this work would highlight possible advantages and disadvantages in 
using commercial software to develop thermoregulatory models. Finally, the flexibility 
and structure of the software provides greater scope for developing the LUT25-node 
model, such as in modelling in 2 or 3 dimensions in order to consider a-symmetric and 
vertical thermal stresses over the human body. 
9.1.1.1 PHOENICS 
PHOENlCS is an acronym for Parabolic, Hyperbolic Or Elliptic Numerical Integration 
Code Series. It is a general-purpose numerical code written in ANSI FORTRAN 77 and 
is capable of simulating time independent or time dependent, fluid-flow, heat and mass 
transfer, and chemical-reactions, in 1 2 or 3-dimensions. 
Like most commercial numerical software, PHOENICS consists of three essential parts. 
The first of these is a pre-processor called SATELLITE. This is the area within the 
software where the physical and dynamic properties of the model are defined. The 
second part of PHOENlCS is a processor called EARTH, which conducts the 
mathematical calculations and provides a mathematical solution to the model. Finally, 
the software possesses post-processors called PHOTON, AUTOPLOT and PINTO, 
which provide graphical output of the results. Operators of PHOENlCS are able to 
communicate with SATELLITE by editing an instruction data file known as Ql, written 
in PHOENlCS Input Language (pJL). This language is similar in structure to the BASIC 
programming language. SATELLITE compiles and interprets the Ql file and produces 
its own data-file. This file instructs EARTH on the type and description of mathematical 
computations to perform. 
Within EARTH there is a user accessible subroutine called GROUND. This can be 
adapted to introduce boundary conditions, source terms, physical properties, control 
conditions and dynamic responses, which are not considered by EARTH. Code added to 
GROUND by the user is programmed in ANSI FORTRAN77. 
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EARTH provides a numerical solution to the differential equation having the general 
form: 
~(P$ )+~G)Uj$)= ~(r ~)+s 
51 5xj 5xj 5xj (9.1) 
Where: 
t = time; 
p = density; 
$ = dependent variable; 
u = velocity vector; 
r = diffusion coefficient; 
S = source term; 
Xj = space co-ordinate. 
Looking from left taright in equation 9.1, the first expression reflects the rate of change 
of the dependent variable over time. In the case of the human thermal response, $ would 
be equal to temperature. The second expression in the equation describes the convective 
process (ie blood flow), the third diffusion (ie thermal conduction) and S the source for 
the dependent variable (ie metabolic heat production). 
Equation 9.1 provides an exact description of how the dependent variable $ continuously 
varies across a continuum. EARTH's numerical solution of equation 9.1 involves the 
evaluation of the dependent variable at discrete points (nodes) of the calculation domain 
(ie the human body). The solution of the independent variable at these discrete points is 
determined from simple algebraic equations, which are derived from the differential 
equation (equation 9.1). The method adopted by EARTH to derive the algebraic 
equations is that of finite volumes. This involves reducing the calculation domain into a 
number of non-overlapping control volumes surrounding a discrete nodal point. Over 
each control volume, equation 9.1 is integrated and reduced to a simple algebraic 
equation based on assumptions on how the dependent variable varies between the nodal 
points. Further details on the method of finite volumes can be sought in Patankar (1980). 
During the solution to the algebraic equations, EARTH creates an output data-file 
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known as RESULTS. This can be accessed by the user to examine the raw nwnerical 
results of the mathematical calculations. Alternatively, EARTH can be instructed by 
SATELLITE to create a results file called PHIDA which can be read by the post-
processors PHOTON, AUTOPLOT or PINTO in order to present results graphically. 
9.1.1.2 The PHOENICS thermoregulatory model 
The multi-layered thermoregulatory model was developed in version 2.1 ofPHOENICS. 
It has the same body size, composition, thermal properties and controlling mechanism as 
the 'standard' LUT25-node model. Like the LUT25-node model, the PHOENICS model 
consists of two distinguishable systems; a passive and an active system. 
The features of the passive system (the radii of its body compartments and the specific 
properties of its tissue layers) derive from the work conducted to modularise the LUT25-
node model (Appendix B) and are coded in the Ql file of SATELLITE. Appendix E 
contains this file and a description of its content. Although the passive system of the 
PHOENICS model is intended to be identical to that of the LUT25-node model, there 
are several exceptions. First, limitations in the authors knowledge of PHOENICS 
resulted in the development of a model with a cylindrical rather than spherical head, 
though the surface area to mass ratio, composition and density of the PHOENICS head 
is identical to that of the LUT25-node model. Figure 9.1 illustrates an axial cross section 
of the passive system for the PHOENICS model. All body segments are joined end-to-
end and are separated by an adiabatic boundary layer, preventing the flow of heat axially 
between them. To allow for the difference in head shape between the LUT25-node and 
PHOENICS model, the thermal conductances of the head tissue layers in each model 
were made equal, by calculating new thermal conductivities for the tissue layers in the 
head of the PHOENICS model. These were evaluated using the following equations 
(Eastop and McConkey, 1986): 
KS( . . ) 
'., 
and: 
4.1t .ks(i.j) .r(i.j) .r(i.j-l) 
r(i,i) - r(i,j_l) 
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(9.2) 
(9.3) 
Where: 
KS = thennal conductance of a spherical shell CW.oC\ 
KC = thermal conductance of a cylindrical shell (W.oCI); 
ks = thermal conductivity of spherical tissue layer (W.rn·l.oC I ); 
kc = thermal conductivity of cylindrical tissue layer (W.m·l. OC-I). 
With equation 9.2, the thermal conductances of each tissue layer in the head of the 
LUT25-node model were calculated. By making KC equal to KS for each tissue layer, 
new thermal conductivities for the tissue layers in the head of the PHOENICS model 
were calculated. Equations 9.2 and 9.3 are only applicable for calculating the thermal 
conductance of spherical and cylindrical shells respectively and could not be used to 
determine an equivalent head core thermal conductivity for the models. To alleviate this 
problem, the thermal conductivity of the head core in the PHOENICS model was made 
equal to that of the LUT25-node model. The final thermal conductivities of the tissue 
layers in the head of the PHOENICS model are presented in table 9.1. 
hands feet 
o core m fat 
I!lIiI!!I muscle III skin 
trunk 
Figure 9.1 
Cross-section through the passive system of the PHOENICS model. 
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Tissue layer Thermal conductivity (W.m-l.oCI ) 
(head compartment) LUTIS-node model PHOENICS model 
core 
muscle 
fat 
skin 
0.5430 0.5430 
0.4180 0.3461 
0.1600 0.1381 
0.3340 0.2786 
Table 9.1 
Thermal conductivities of the tissue layers in the head of the 
LUT25-node and PHOENICS thermoregulatory models. 
A second deviation in the structure of the PHOENICS model from that of the LUT25-
node model, is that it does not possess the same number of thermal layers (nodes) as the 
LUT25-node model. As discussed previously, the numerical method of PHOENICS 
reduces the solution domain into a series of finite volumes containing a single nodal 
point. This numerical method dictates that the finite volumes must be uniform; ie they 
should not overlap and the faces of the finite volumes must align with those of adjacent 
finite volumes. For the PHOENICS thermoregulatory model, the calculation domain is 
pictured in figure 9.1. Naturally the most basic finite volumes figure 9.1 could be 
reduced to, would be the tissue layers of the body segments (core, muscle, fat, skin), as 
shown in figure 9.1. This would then equal the number of layers in the LUT25-node 
model. However, it is possible to see that in adopting this finite volume structure, 
adjacent faces of the volumes do not align. This is best illustrated in figure 9.1 by 
examining the trunk core, which would have a finite volume face larger than all adjacent 
volume faces in the leg segment. Consequently, it was necessary to increase the number 
of finite volumes in certain tissue layers of the model, to allow for the differences in the 
thickness of adjacent tissue layers. This is illustrated in figure 9.2 for the leg and trunk, 
showing how the finite volume structure in the leg is extended into the trunk to achieve a 
uniform finite volume structure. Following this, the most basic nodal structure that could 
be developed for the PHOENICS model is presented in table 9.5 (node A). Again, this 
deviation in the structure of the model is believed to be associated with the authors 
knowledge of PHOENICS, rather than on limitations associated with the software. 
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Because of this deviation, it was necessary to calculate an average temperature for those 
tissue layers in the PHOENICS model possessing more than one temperature node, in 
order to make direct temperature comparisons with the one node tissue layers of the 
LUT25-node model. 
Finally, to reduce the number of thermal layers in the PHOENICS model so its 
mathematical structure approached that of the LUT25-node model, the muscle and fat 
layers in the hands and feet were merged into one tissue layer for each body segment. To 
allow for the merging of these tissue layers, the densities and heat capacities for these 
combined layers were recalculated based on the physical structure and properties of the 
individual tissue layers. Furthermore, equivalent thermal conductivities for these 
combined layers were also calculated, using the reciprocal of equation 9.3, which 
represents the thermal resistance of a cylindrical shell. This was used to calculate the 
total thermal resistance of the tissue layers, by adding their individual thermal 
resistances. With this result, an equivalent thermal conductivity for the combined tissue 
layer was calculated by using the reciprocal of equation 9.3. The properties of these 
merged tissue layers are detailed in table 9.2. 
trunk 
Figure 9.2 
Uniform nodal structure of the PHOENICS thermoregulatory model. 
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LUT25-node model PHOENICS 
model 
muscle fat muscle/fat 
Density hands 931.495 kg.m-3 1023.434 kg.m-3 990.910 kg.m-3 
feet 861.990 kg.m-3 1014.080 kg.m-3 973.33 kg.m-3 
Specific heat hands 3780 J.kg-'.oC' 2520 J.kg-'.oC' 2896 J.kg-'.oC' 
capacity feet 3780 J.kg-'.oC' 2520 J.kg-'.oC-' 2818 J.kg-'.oC' 
Thermal hands 0.4180 W.m-'.oC', 0.1600 W.m-'.oC' 0.2007 W.m-'.oC' 
conductivity feet 0.4180W.m-'.oC" ! ' 0.1600 W.m-'.oC' 0.2146 W.m-'.oC' 
Table 9.2 
Thermal properties for the combined musdeIJat layers of the PHOENICS model. 
There were no problems in replicating the thermoregulatory control mechanism for the 
LUT25-node model in PHOENICS. This was coded into the GROUND subroutine of 
EARTH, equipping the PHOENICS model with the ability to sweat, shiver, vasodilate 
and vasoconstrict. This code, along with a brief description of its structure, is presented 
in Appendix E. 'Set-point' temperatures for the controlling mechanism of the 
PHOENICS model were obtained by operating the model under the thennally neutral 
. conditions defined in section 5.1.1.12. These are preserved in a data-file called TSET, 
which is read by EARTH at the beginning of the solution to the model. 
Further features of the PHOENICS model were also introduced into the GROUND 
subroutine, such as the central blood compartment, the heat transfer processes between 
the passive system and the environment, and the two-parameter clothing model. 
GROUND also acts as the location for the user inputs to the model, as defined in 
FORTRAN 'data' statements at the beginning of the GROUND subroutine. 
9.1.1.3 Validation of the PHOENICS thermoregulatory model 
A preliminary investigation of the PHOENICS thermoregulatory model was conducted, 
involving comparisons of temperature predictions from the PHOENICS and LUT25-
node models. This initial study served to ensure that the PHOENICS model produced 
predictions similar to those of the LUT25-node model. For this study, the models were 
operated under the environmental working and clothing conditions Haslam (1983) and 
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Watkins (1984) exposed their subjects. These experimental conditions were chosen 
because they were conducted over a wide range of environmental and working 
conditions and would test the performance of the PHOENICS model accordingly. 
In the studies of Haslam (1983) and Watkins (1984), a total of 30 male subjects were 
exposed for 75 minutes to 1 of 5 experimental conditions (6 subjects in each exposure), 
ranging from 5 °C to 40°C air temperature. During the exposures, subjects wore only 
minimal clothing (swimming trunks or shorts and briefs). Hence, for the purposes of 
clothing inputs to the model, subjects were considered nude during the exposures (ie 1.:1 
= 0, 1;;1 = 1, im = 0.5). Further details concerning the environmental and work rates for the 
subject exposures are presented in table 9.3. 
Before operating the PHOENICS model, a decision was required on the time interval 
over which the model would perform its calculations. This process is not necessary with 
the LUT25-node model, as it uses an explicit scheme for evaluating its compartment 
temperatures with time. The LUT25-node model's decision on the magnitude of any 
single time step it takes is regulated by the following requirement; that over each time 
step the increase in anyone of its compartment temperatures does not exceed 0.01 cc. 
The expected increase in the compartment temperatures of the model are based on the 
temperatures of the compartments at the end of the previous time step. 
Environment 
A 
B 
C 
D 
E 
Air and mean Air speed Relative Metabolic External 
radiant (m.s· l ) humidity rate work 
temperature (%) (W) (W) 
(0C) 
40 0.1 60 95 0 
35 1.0 25 635 150 
30 0.1 40 95 0 
10 0.1 55 635 150 
5 1.0 55 100 0 
Table 9.3 
Environmental conditions for the experimental exposures 
conducted hy Haslam (J 983) and Watkins (J 984). 
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PHOENICS adopts an implicit method for performing time dependent simulations. Here 
the lengths of the time steps are decided upon by the operator. The model then performs 
iterative calculations of the compartment temperatures over this time step until the 
difference in the compartment temperatures between successive iterations is reduced to 
an acceptable level. To make an informed decision on the length of the time steps for the 
PHOENICS model, the time intervals over which the LUT25-node model performs its 
calculations, when operated under an air and mean radiant temperature of 5°C, was 
investigated. These conditions were chosen, as the time intervals for the LUT25-node 
model are shortest when rates of change in the temperature of the model are greatest, 
while this limit in the severity of the environment was chosen because it represents the 
lowest temperature under which Haslam (1989) and Haslam and Parsons (1989) 
validated the original LUT25-node model. During this exposure, the lowest time interval 
over which the LUT25-node model performed its calculations was 5 seconds. 
Consequently, this was chosen as the time step for the PHOENICS model. 
Table 9.4 previews the results from the preliminary investigation. It contains all core 
(head, trunk, arms, hands, legs and feet) and mean skin temperature predictions from the 
LUT25-node model, and the deviation in the PHOENICS model's temperature 
predictions from these values are contained in brackets. The table shows that the 
minimum and maximum deviations in the models' temperature predictions are 0 °C in 
the head and trunk core over a number of the experimental conditions and 1.24 °C in the 
feet during experiment D after 40 minutes exposure. However, on the majority of 
occasions (over 70 %) the deviations in the models' temperature predictions are less than 
0.2 cc. The majority of the highest differences in the models' temperature predictions 
occur in the cold simulations (environments D and E). The maximum deviation in the 
head and trunk core temperature predictions are 0.13 °C (experiment E after 20 minutes) 
and 0.07 °C (experiment E after 20 minutes) respectively. For the mean skin temperature 
the maximum deviation is 0.65 °C (experiment D after 20 minutes). 
Although table 9.4 shows that predictions from the PHOENICS model do not match 
those of the LUT25-node model, the majority of the differences observed are within 
acceptable limits. This confirms the ability of the PHOENICS model to mimic the 
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IEnvironment Time LUT25-node model (pHOENICS model deviation) 
(see table 9.7) (minutes) 
Head (0C) Trunk('C) Arms (0C) Hands (0C) Legs (0C) Feet ("C) Skin (0C) 
A 0 36.96 (0.00) 36.89 (0.00) 35.53 (-0.42) 35.41 (-0.09) 35.81 (0.28) 35.14 (0.11) 33.97 (0.07) 
20 37.03 (0.01) 36.91 (0.01) 35.32 (-0.09) 36.70 (-0.05) 36.01 (0.13) 36.60 (0.01) 35.76 (0.05) 
40 37.10 (0.01) 36.99 (0.01) 35.55 (-0.01) 36.72 (0.02) 36.28 (0.05) 36.71 (0.03) 35.92 (0.08) 
75 37.20 (0.01) 37.09 (0.02) 36.08(0.01) 36.70 (0.05) 36.69 (0.03) 36.64 (0.09) 36.14 (0.09) 
B 20 37.65 (-0.04) 37.6.0 (-0.04) 36.40 (-0.05) 37.57 (-0.14) 36.74 (0.03) 37.30 (-0.30) 35.04 (0.20) 
40 37.86 (-0.01) 37.80 (0.01) 37.33 (0.21) 37.75 (-0.04) 37.53 (0.14) 37.50 (-0.17) 35.06 (0.20) 
75 37.92 (-0.01) 37.87 (0.01) 37.99 (0.23) 37.81 (-0.03) 38.20 (0.18) 37.55 (-0.14) 35.08 (0.20) 
C 20 36.91 (0.00) 36.83 (0.00) 35.23 (-0.07) 35.38 (0.12) 35.96 (0.16) 35.13 (0.28) 34.19 (0.15) 
40 36.95 (0.00) 36.87 (0.00) 35.24 (0.02) 35.38 (0.18) 36.11 (0.12) 35.14 (0.31) 34.26 (0.15) 
75 36.96 (0.00) 36.88 (0.01) 35.38 (0.05) 35.43 (0.20) 36.33 (0.09) 35.17 (0.33) 34.29 (0.15) 
D 20 37.57 (-0.11) 37.66 (-0.07) 36.23 (0.13) 35.19 (-0.05) 36.67 (0.08) 34.06 (-1.09) 30.13 (0.65) 
40 37.98 (-0.09) 38.05 (-0.05) 37.16 (0.31) 35.44 (0.05) 37.56 (0.16) 34.13 (-1.24) 29.83 (0.61) 
75 38.04 (-0.06) 38.09 (-0.02) 37.84 (0.35) 35.54 (0.06) 38.30 (0.23) 34.21 (-1.12) 30.14 (0.39) 
E 20 36.30 (-0.13) 36.44 (-0.03) 34.86 (0.07) 22.50 (0.75) 35.74 (0.32) 21.39 (0.48) 23.25 (0.24) 
40 35.91 (-0.05) 36.04 (0.03) 34.20 (0.36) 17.33 (0.31) 35.27 (0.53) 14.98 (0.12) 21.42 (0.04) 
75 35.67 (-0.04) 35.76 (0.04) 33.81 (0.58) 15.14 (-0.13) 34.50 (0.69) 11.69 (-0.22) 20.59 (-0.09) 
Tables 9.4 
Difference in the temperature predictions/rom the LUT25-node and PHOENICS thermoregulatory models. 
temperature predictions of the LUT25-node model. The differences observed in the 
models responses are attributable to a number of factors, some of these have already 
been discussed, such as the cylindrical rather than spherical head of the PHOENICS 
model, differences in the number of temperature layers between the models, and the 
combined muscle and fat layers in the hands and feet. There are numerous other 
discrepancies between the models which could also contribute to differences in their 
predictions. Mathematical round up errors in the programs, in addition to those in the 
data used to construct both models. Differences, in the time intervals over which the two 
models perform their calculations and in the method each model uses to make time 
dependent predictions (explicit and implicit methods). Given the numerous areas 
identified where potential differences in the models predictions could arise, the results in 
table 9.4 illustrate an acceptable level of agreement in the predictions from the models 
and confirms that the work that has gone into developing the PHOENICS model is 
correct. 
9.1.1.4 Optimisation ofnode numbers in thePHOENICS model 
Having developed a basic form of the LUT25-node model with PHOENICS, the next 
consideration was to optimise the number of nodes in the model. In mathematical model 
development, this is achieved by increasing the number of nodes in a model until the 
difference in its predictions, between exposures to identical conditions, becomes 
negligible. For the PHOENICS model, a single set of exposure conditions was chosen 
under which to optimise its node structure. The environmental conditions originally 
came from the work of Raven and Horvath (1970), and were the same as those used by 
Gordon and Roemer (1975b) to investigate the influence of thermal layers on the 
temperature predictions of their model. The environmental conditions were a ta and t,. of 
5°C, va = 0.1 m.s· l and rh = 70 %. Subjects were exposed to these conditions for 2 hours 
while wearing light clothing. For the purpose of clothing inputs to the model, subjects 
were considered nude. These conditions were chosen because they represented a sample 
of the most severe cold conditions under which Haslam (1989) validated the original 
LUT25-node model. Consequently, optimising the nodal structure of the PHOENICS 
model under these conditions would ensure node optimisation under milder conditions, 
where thermal gradients and heat flows are lower. 
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The methodology of the node optimisation, involved operating the original PHOENICS 
model with the node structure outlined in table 9.5 (node A) under the prescribed 
conditions. The node density of the PHOENICS model was then increased at regular 
stages and its predictions, while operated under the defined conditions, compared with 
those of the previous model. Node optimisation was considered complete when the 
difference in temperature predictions between models was equal to or less than 0.1 QC. 
Table 9.5 details the other node structures of the PHOENlCS model investigated. 
Between node structures A and B the number of nodes in the model were increased to 
produce a more even distribution oftemperature nodes in each tissue layer of the model. 
Following this, in the development of node structures C and D, the node density was 
doubled in all tissue layers of the model. 
Table 9.6 previews the results from the node optimisation of the PHOENICS model. It 
details all core (head, trunk, arms, hands, legs, feet) and mean skin temperature 
predictions from the model with node structure A, at intervals of 0, 10, 30, 60 and 120 
minutes of the exposures. Beneath these values are the temperature differences between 
the predictions from the PHOENICS model with node structure A and those from the 
PHOENlCS model with node structures B, C and D respectively. 
Inspection of table 9.6 shows that as the node density of the model increases, the 
temperature predictions from the head and trunk core of the model decrease, while skin 
temperatures increase, indicating the passage of more heat from core to periphery with 
node optimisation. Between node structures C and D there is no difference in the 
temperature predictions of the head and trunk core at any point during the exposures. As 
for mean skin temperature, it is possible to see that as the node density increases, 
differences between temperature predictions decrease, such that between node structures 
C and D there is no temperature difference greater than 0.1 °c between the results at any 
point within the exposures. Hence, the PHOENICS model was considered optimised 
with node structure C. 
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Body segment 
Head 
Trunk 
Arms 
Hands 
Legs 
Feet 
Tissue layer Node structure 
Node A NodeB NodeC NodeD 
core 10 15 30 60 
muscle I 1 2 4 
fat I I 2 4 
skin I 1 2 4 
core 14 19 38 76 
muscle 1 10 20 40 
fat I 4 8 16 
skin 1 1 2 4 
core 5 8 16 32 
muscle 2 4 8 16 
fat 1 I 2 4 
skin I I 2 4 
core I 2 4 8 
muscle/fat 2 2 4 8 
skin 1 1 2 4 
core 6 10 20 40 
muscle 5 6 12 24 
fat I 1 2 4 
skin 1 I 2 4 
core 2 3 6 12 
muscle/fat I I 2 4 
skin 1 I 2 4 
Table 9.5 
Node structures for the PHOENICS thermoregulatory model. 
227 
[fime 
minutes) 
fl 
10 
~O 
~O 
120 
Node Head Trunk Arms Hands Legs Feet Skin 
structure 
A 36.96 36.89 35.11 35.32 36.08 35.25 34.04 
B 0.00 0.00 -0.02 -0.01 -0.13 0.00 0.04 
C 0.00 0.00 -0.02 0.04 -0.12 0.05 0.04 
D 0.00 0.00 -0.02 0.05 -0.12 0.07 0.04 
A 36.93 36.96 35.09 32.24 36.08 31.74 29.41 
B -0.02 -0.02 -0.01 -0.14 -0.13 -0.11 0.32 
C -0.01 -0.01 -0.01 -0.08 -0.12 -0.01 0.4 
D -0.01 -0.01 -0.01 -0.04 -0.12 0.03 0.42 
A 36.36 36.50 34.71 26.07 35.94 24.55 26.57 
B -0.05 -0.03 -0.01 -0.13 -0.2 -0.11 0.24 
C -0.04 -0.01 0.00 -0.01 -0.15 0.05 0.33 
D -0.04 -0.01 0.00 0.05 -0.19 0.12 0.36 
A 35.96 36.08 34.19 21.48 35.37 18.65 24.89 
B -0.15 -0.11 0.03 -0.13 -0.27 -0.10 0.36 
C -0.14 -0.11 0.04 0.00 -0.26 0.06 0.45 
D -0.14 -0.11 0.04 0.07 -0.25 0.14 0.49 
A 35.76 35.86 34.16 18.78 34.55 14.54 24.01 
B -0.16 -0.13 0.07 -0.13 -0.23 -0.08 0.52 
C -0.16 -0.13 0.08 -0.01 -0.22 0.04 0.61 
D -0.16 -0.13 0.09 0.05 -0.22 0.11 0.65 
Table 9.6 
Results from the node optimisation of the PHOENICS thermoregulatory 
model (for '/lode structure' see table9.5). 
9.1.2 The 'cold' LUT25-node model 
There are numerous fimdamentallirnitations of the LUT25-node model which affect the 
accuracy of its predictions in the cold. The most significant of these were addressed in 
this study to appreciate the impact they have on its predictions. 
9.1.2.1 Mean skin temperature 
The temperature nodes in the skin compartments of the LUT25-node model are located 
at the mass centres of the compartments, predicting a mean mass skin temperature rather 
than a true surface skin temperature for the model. This is illustrated in figure 9.3. This 
shows a cross section through one body segment of the LUT25-node model. T(i.4) 
represents the nodal point in the model where the skin compartment temperature is 
defined and Ts"rf the true skin surface temperature. In calculations of heat transfer 
between the body and the environment, the LUT25-node model uses T(i,4) instead of 
Tsurf. As T(i,4) is at a higher temperature than T surf during cold exposures, the calculations 
. incorporate a higher thermal gradient between the skin and the environment than 
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actually occurs, resulting in a greater heat loss from the model. It is specUlated that if the 
true skin surface temperature of the body segments were used in the heat transfer 
calculations there would be a lower rate of heat loss from the model, producing better 
temperature predictions of the human thermal response. 
To resolve this limitation, the method presented by Richardson (1988b) to estimate a 
true skin surface temperature was introduced into the LUT25-node model. This 
prediction of the true skin surface temperature, uses the thermal gradients between 
adjacent tissue layers within the body segment and the spatial organisation of the 
thermal layers within the body segment to extrapolate a true surface skin temperature. 
Looking again at figure 9.3, this shows that the rate of change of temperature with 
radius, between the muscle and fat layers, and between fat and skin layers are equal to: 
01(1.,) 1(1.3) -1(1,,) 
--= 
or rcm(i,3) - rCm (i,2) 
(9.4) 
and; 
01(1,3) 1(1,4) -1(1,3) 
--= 
(9.5) 
Or r cm(I,4) - r cm(I,3) 
Using equations 9.4 and 9.5 the second rate of change of temperature with radius within 
the fat layer can be calculated with: 
01(1,3) _ 01(1,,) 
0,1(1,3) Or or 
= -"'----"'-
(9,6) 
or' 
Following equation 9,6, the rate of change of temperature with radius in the skin layer 
can be estimated with the equation: 
01(1,4) = 01(1,3) + 0 ,1(1,3) fr. _ r. ) 
or or or' ~(1,4) (1,3) (9.7) 
With equation 9.7 the surface skin temperature of the body segment can be estimated 
according to the relationship: 
01(1,4) f. ) 
I:urf = 1(;.4) + Or \'"<i,4) - rCm (i,4) (9.8) 
The skin surface temperatures were also introduced into the control equations of the 
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modeL This is justified by the fact that the control equations derive from experimental 
measures perfonned on the skin surface temperature, rather than on the mean mass 
temperature of the skin. 
core muscle fat 
r(i.l) r(i.2) r(i.3) 
_-+ __ .~I T '(i.2) I I 
I 
I 
I 
T(i.3) 
I 
I 
I I 
r Cm (i.2) r Cm(i.3) 
skin 
r(i,4 ) 
T(i,4 ) 
Air 
I I Tsurf 
r cm(i,4) 
Radial distance 
Figure 9.3 
Temperature profile through a body segment o/the LUT25-node model. 
9.1.2.2 Counter-current heat exchange 
An essential defence mechanism of the body to cold exposures is counter-current heat 
exchange. This involves the exchange of heat between blood returning from cool limbs 
with wann blood supplied to the limb from the trunk core. This reduces the amount of 
heat transferred to the limbs, conserving it for more essential organs in the trunk core 
and head. The LUT25-node model does not consider counter-current heat exchange in 
its calculations. Instead, blood is supplied to all compartments of the model at a central 
blood compartment temperature. Consequently, it is believed that introducing counter-
current heat exchange to the LUT25-node model may lead to it providing more accurate 
predictions of the human thennal response in the cold. 
Numerous models of human thennoregulation already consider counter-current heat 
exchange in their calculations (Huckaba et ai, 1973, Richardson, 1988b, Wissler, 1985). 
One such model is the six-cylinder model of Wemer and Webb (l993), which has a 
similar blood network to the LUT25-node model; a central blood pool supplying each 
individual compartment of the modeL The method employed in this model to simulate 
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counter-current heat exchange is simple and easy to implement and was thus introduced 
to the LUT25-node model. It involves mUltiplying the heat exchange between the central 
blood pool and each body segment of the model by a counter-current heat exchange 
factor. For the head, trunk and anus, the counter-current heat exchange factor is 1.0, 
-
implying that no counter-current heat exchange occurs in the blood supplied to these 
body segments. Alternatively, to the legs, hands and feet, the counter-current heat 
exchange factors are 0.95, 0.8 and 0.8 respectively. Although this method of simulating 
counter-current heat exchange is simple and empirically based, it does provide an 
adequate means of investigating the impact that this process has on the predictions of the 
LUT25-node model,.with a view to developing a more comprehensive mechanism in the 
future. 
9.1.2.3 Vasoconstriction 
As highlighted in section 9, Haslam (1989) and Haslam and Parsons (1989) discovered 
that the LUT2-node model provides better core temperature predictions of the human 
thermal response than the LUT25-node model during cold exposures. Inspection of the 
two models, reveals that the major difference which could influence their responses, is 
that the shell of the LUT2-node model includes the mass of both fat and skin. Hence, 
during vasoconstriction, the blood supply to the whole of this mass is reduced. Further 
human thermal models also reduce the blood flow to the fat layer with vasoconstriction 
(Strong et ai, 1985). Alternatively, vasoconstriction in the LUT25-node model is 
restricted to the skin layers only, while blood flow to the fat compartments remains 
constant, irrespective of the exposure. 
Following the lead of the LUT2-node model, vasoconstriction was introduced to the 
blood supply to the fat layers of the LUT25-node model. This involved multiplying the 
blood supply to the fat layers of the LUT25-node model by the same factor used to 
modify the blood supply to the skin with vasoconstriction, which is: 
1 
1 + STRIC.SKINC; 
Where: 
SKlNC; = fraction of skin command in body segment i (ND); 
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STRIC = total vasoconstriction command for the model (ND). 
Although vasoconstriction in fat is a feature of some thermoregulatory models it is not 
certain if this occurs in experimental sUbjects. Investigations of the published literature 
yielded no data to confirm or reject this modification to the LUT25-node model. 
9.2 Comparison ofthe PHOENICS and 'cold' LUT25-node model 
Due to inherent differences between the PHOENICS and LUT25-node models (as 
discussed in section 9.1.1.2), it was thought inappropriate to rely on the predictions from 
these. two models to. investigate the influence that thermal layers have on the predictions 
from the LUT25-node model. To eliminate the inherent differences, predictions were 
obtained from the basic (node A) and multi-layered PHOENICS models (node C) in 
order to investigate the affects of thermal layers on the temperature predictions from the 
LUT25-node model. In addition to these models, predictions from the 'standard' and 
'cold' LUT25-node models were compared to assess what influence fundamental 
changes to the LUT25-node model has on its cold exposure predictions. The accuracy of 
all the models were tested, by comparing their predictions with a selection of the human 
. thermal responses used by Haslam (1989) and Haslam and Parsons (1989) to validate 
the original LUT25-node model. Human thermal responses were obtained from studies 
in which subjects were tested under cold nude conditions. Although clothing has been 
added to the PHOENICS thermoregulatory model, the purpose of this study was to test 
whether thermal layers or more fundamental limitations of the LUT25-node model are 
the cause for its poor predictions in the cold. Choosing nude subject responses thus 
avoided any complications that the clothing added to the PHOENICS and LUT25-node 
models might have on the results. Furthermore, neglecting the influence of clothing on 
the responses from the models also matched the investigations conducted by Gordon and 
Roemer (1975a,b), to study the impact of thermal layers on the predictions from their 
thermoregulatory model. 
The human thermal responses chosen for comparison, originally derived from the 
published literature. Table 9.7 details the origins of the data used, the number of subjects 
involved and the environmental and working conditions under which the subjects were 
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Author Experimental Number of Air Mean radiant Air speed Relative Metabolic Exposure 
code subjects temperature temperature (m.s-I ) humidity heat period 
(0C) eC) (%) production (minutes) 
Hardy and A 3 17.7 17.7 0.1 31 87 120 
Stolwijk (1966) B 3 13.0 13.0 0.1 45 87 60 
ainpietro et al C 6 10.2 10.2 0.4 34 92 120 
(1958) D 6 16.5 16.5 0.4 95 92 120 
E 6 9.9 9.9 3.2 39 92 120 
F 6 14.2 14.2 0.4 32 92 120 
G 6 15.0 15.0 4.7 91 92 120 
H 6 11.0 11.0 0.4 94 92 120 
I 6 10.1 10.1 4.5 98 92 120 
J 6 15.6 15.6 4.6 14 92 120 
Wagnerand K 10 10.0 10.0 0.1 40 100 120 
Horvath (1985) 
Wagnerand L 10 15.0 15.0 0.1 40 100 120 
Horvath (1985) 
Youngetal M 7 5.0 5.0 0.1 30 113 90 
(1986) 
Table 9.7 
Environmental and working conditions used to compare 
the PHOENICS and cold LUT25-node models. 
exposed. Predictions from the models were compared with the rectal and mean skin 
temperature responses of the experimental subjects and with the exceptions of 
experiments K and L, the metabolic responses of the subjects also. The trunk core 
temperature of the models was considered equal to rectal temperature, while the mean 
mass skin temperatures of the models was compared with the measured mean surface 
skin temperature. 
9.2.1 Results 
Tables 9.8, 9.9 and 9.10 respectively contain the results from the comparisons of the 
predictions from the models, with the rectal temperature, mean skin temperature and 
metabolic responses of the experimental sUbjects. The tables detail the RMSD of the 
models' predictions from the subject responses. Cells in the tables have been shaded 
indicating which of the models provides the lowest RMSD of the subject responses for 
each experimental exposure. 
9.2.1.1 Rectal temperature responses 
On all occasions the models overestimated the observed drop in deep body temperature. 
Examples of this are provided in figures 9.4 and 9.5. These respectively show plots of 
the observed and predicted rectal temperature responses for experiments B and L. The 
figures show a further trend in the results, which was for the multi-layered PHOENICS 
model to provide the lowest rectal temperature predictions, followed by the 'standard' 
LUT25-node model, the basic PHOENICS model, with the 'cold' LUT25-node model 
providing the highest temperature predictions. Consequently, the 'cold' LUT25-node 
model provided the lowest RMSD from the observed responses in all experimental 
exposures, as is shown in table 9.8. The RMSD of the 'cold' LUT25-node model is 
between 0.14 °C and 0.31 °C lower than that of the model with the next lowest RMSD, 
as provided by the basic PHOENICS model. With the exception of experiments A and 
B, the highest RMSD are provided by the multi-layered PHOENICS model. 
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Figure 9.4 
Measured rectal and predicted trunk core temperature 
responses for experiment B (table 9.7). 
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Figure 9.5 
Measured rectal and predicted trunk core temperature 
responses for experiment L ( table 9.7). 
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code 
'Standard' 'Cold' LUT25-
LUT25-node node (OC) PHOENICS PHOENICS 
Table 9.8 
RMSD of model trunk core temperature predictions 
from subject rectal temperature responses. 
9.2.1.2 Mean skin temperature responses 
Overall, the 'cold' LUT25-node model provided the lowest mean skin temperature 
predictions, followed by the 'standard' LUT25-node model, the basic PHOENICS 
model, with the multi-layered PHOENICS model providing the highest mean skin 
temperature predictions. Figure 9.6, which illustrates the predicted and observed mean 
skin temperature responses from experiment I, provides a typical example of the results 
observed. It was common for the models to over estimate the drop in mean skin 
temperature. However, there were exceptions to this rule, with the mean skin 
temperature predictions from the models straddling the observed response, as shown in 
figure 9.7, and underestimating the fall in mean skin temperature as presented in figure 
9.8. However, because of the general order of the models' mean skin temperature 
predictions, the multi-layered PHOENICS model was found to provide the lowest 
RMSD of the measured responses on the majority of occasions (over 60 %), as is shown 
in table 9.9. Apart from this observation, there were no other clear patterns in the RMSD 
of the results provided by the models, with each model producing the lowest RMSD in 
at least one experimental exposure. 
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Figure 9.6 
Measured and predicted mean skin temperature 
responses for experiment I (table 9.7). 
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Figure 9.7 
Measured and predicted mean skin temperature 
responses for experiment L (table 9.7). 
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code 
'Cold' LUT25- Basic 
LUT25-node node (0C) PHOENICS 
Multi-layered 
PHOENICS 
Table 9.9 
RMSD of model mean mass skin temperature predictions 
from subject mean skin temperature responses. 
9.2.1.3 Metabolic heat production 
In general, the multi-layered PHOENICS model predicted the highest metabolic heat 
productions, followed by the basic PHOENICS model, the 'standard' LUT25-node 
model, with the 'cold' LUT25-node model providing the lowest predictions of metabolic 
heat production. This trend in the predictions from the models is illustrated in figure 9.9. 
This shows the metabolic heat productions obtained from experiment 1. The figure 
shows all the models overestimating the observed metabolic heat production, which was 
another general feature of the results. The only exception to this generalisation was in 
experiment E, when the 'cold' LUT25-node model predicted a lower final metabolic 
heat production than that observed at the end of the exposure (figure 9.10). With respect 
to the RMSD of the predicted from the observed metabolic heat productions, table 9.10 
shows that the 'cold' LUT25-node model provided the lowest RMSD of the measured 
metabolic heat production on 60 % of the occasions investigated. The basic PHOENICS 
model provided the lowest RMSD of the observed metabolic heat production on the 
other 40 % of occasions, while the multi-layered PHOENICS model provided the 
majority of the highest RMSD. 
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Figure 9.9 
Measured and predicted metabolic heat 
production for experiment I (table 9.7). 
code 
9.7) 
'Standard' 'Cold' LUT25-
LUT25-node node PHOENICS PHOENICS 
Table 9.10 
RMSD of predicted metabolic heat production from 
subject metabolic heat production responses. 
9.2.2 Discussion 
The results of this study agree with the conclusions made by Haslam (1989) and Haslam 
and Parsons (1989) when validating the original LUT25-node model; that the model 
overestimates the observed drop in deep body temperature and rise in metabolic heat 
production during cold exposures. Contrary to previous suggestions, that increasing the 
number oftherma1layers in the LUT25-node model would improve the accuracy of its 
predictions for cold exposures, the present results fail to confirm this. Instead, it is 
shown that increasing the number of thermal layers in the model reduces its ability to 
accurately predict deep body temperature and metabolic heat production, though a multi-
layered version of the LUT25-node model was shown to regularly provide better 
estimates of mean skin temperature than the 'standard' LUT25-node model. However, 
the results show that predictions of deep body temperature and metabolic heat 
production were improved by addressing more fundamental limitations of the LUT25-
node model. These included the introduction of counter-current heat exchange, 
vasoconstriction in the fat tissue layers and estimation of a true skin surface temperature. 
The outcome of the results are discussed below and are compared with those from 
240 
comparable investigations. Furthermore, the benefits and limitations of the PHOENICS 
thermoregulatory model are presented, in addition to further changes that can be made to 
improve the accuracy of the LUT25-node model's predictions of the human thermal 
response during cold exposures. 
9.2.2.1 Rectal temperature results 
The results showed that the 'cold' LUT25-node model consistently provided the best 
estimates of the measured rectal temperature responses. As all modifications made to 
construct the 'cold' LUT25-node model were all designed to conserve body heat, it is 
not surprising that it predicts higher and more accurate deep body temperatures than the 
'standard' LUT25-no'de model. 
The reason for the multi-layered PHOENICS model predicting lower deep body 
temperatures than the basic PHOENICS model is less certain, though figure 9.11 
provides a possible explanation. This provides a typical example of the results obtained. 
It illustrates the temperature profile through the trunk core of the PHOENICS models at 
the end of experiment I. The drop in temperature from the centre of the muscle layers 
(point A) where both models predict similar temperatures, to the centre of the fat layers 
(point B) is greater in the Basic PHOENICS model than it is in the multi-layered model. 
This indicates that the reduced thermal layers in the Basic PHOENICS model add to its 
conductive resistance reducing the flow of heat from core to periphery. This reduced 
heat flow leads to lower skin temperature responses, which increases vasoconstriction. 
This further helps to preserve heat in the Basic model over the multi-layered 
PHOENICS model. Higher skin temperatures in the multi-layered model will cause 
higher skin blood flows, increasing the heat loss to the environment and reducing central 
blood compartment temperatures, which supplies blood to the other tissue regions. 
9.2.2.2 Mean skin temperature results 
The results showed that the multi-layered PHOENICS model tended to provide the 
highest skin temperature predictions, followed by the basic PHOENICS model, the 
'standard' LUT25-node model, with the 'cold' LUT25-node model providing the lowest 
predicted skin temperature responses. The reason for this pattern in the predictions from 
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Figure 9.1 J 
Temperature profile through the trunk 0/ the basic and multi-layered 
PHOENICS after exposure to experiment I (table 9.7). 
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the models can again be attributed to the higher conductive heat flows occurring within 
the 'standard' and multi-layered PHOENICS models over those observed in the 'cold' 
LUT25-node and Basic PHOENICS models respectively. 
One further point to raise concerning the results, is that the mean skin temperature 
predictions used were for the whole skin mass rather than the mean surface skin 
temperature. This prediction of skin temperature was used so that direct comparisons 
could be made with the mean skin temperature predictions provided by the 'standard' 
LUT25-node model, which has always provided a mean skin temperature response for 
the total skin mass. However, the 'cold' LUT25-node model is able to predict a true 
surface skin temperature, as detailed in section 9.1.2.1. Furthermore, because of the 
numerous thermal layers in the skin compartments of the multi-layered PHOENICS 
model, the outer thermal layers in this skin compartment of the model approximate to a 
true skin surface temperature. In both these models, their predicted mean surface skin 
temperatures are lower than their predicted mean mass skin temperatures during cold 
exposures. As all the models tended to overestimate the measured drop in mean skin 
temperature, then the use of predicted surface mean skin temperature predictions would 
not provide a closer estimate of the measured responses. 
9.2.2.3 Metabolic heat production results 
The total metabolic heat production for the LUT25-node model is calculated with the 
equation: 
CHILL = (CCHIL * (t.e - TSET.e ) + SCHIL * (9.9) 
Where: 
CHILL 
CCHlL 
(WARMS - COLDS)) * PCHIL * (WARMS - COLDS) 
= total efferent shivering response (W); 
= sensitivity of shivering response to head core temperature 
change (W.oCI ); 
= head core temperature (0C); 
= head core set-point temperature (0C); 
= sensitivity of shivering response to skin temperature changes 
(W.oC I ); 
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WARMS 
COLDS 
PCHlL 
= integrated afferent signal from wann skin receptors (0C); 
= integrated afferent signal from cold skin receptors (0C); 
= sensitivity of shivering response to combined changes in the 
head core and skin temperature (W.oCI ). 
The values of CCHlL, SCHIL and PCHIL are respectively maintained at the values 
13.00, 0.04 and 1.00. Hence, equation 9.9 demonstrates that the shivering response of 
the LUT25-node model is heavily dependent on temperature changes in deep body 
temperature (head core) rather than on changes in mean skin temperature of the model. 
This would explain why the 'cold' LUT25-node model, which provides the highest core 
temperature responses, but lowest skin temperatures, provides the lowest shivering 
response. Alternatively, the multi-layered PHOENICS model, which provides the lowest 
deep body temperature predictions, but highest skin temperature responses, produces the 
highest shivering response. 
As the shivering mechanisms of the models are significantly influenced by the core 
temperature response, it would be possible to estimate that the model producing the 
most accurate predictions of deep body temperature should provide the most accurate 
shivering response. This is what was observed in the results, with the 'cold' LUT25-
node model regularly providing the best estimates of the measured shivering responses. 
9.2.2.4 Comparison with previous investigations 
Previous studies (Gordon and Roemer 1975a,b) investigating the impact of temperature 
layers on the predicted human thermal response, failed to make direct comparisons with 
measured human thermal responses during cold exposures. Instead, these investigations 
compared the predictions from models with differing thermal layers and inevitably were 
only capable of demonstrating the mathematical rather than predictive accuracy 
increasing layers has on the responses of a model. 
Another significant difference is that previous studies compared central trunk core 
temperature predictions from models rather than their average trunk core temperature, as 
was done in this study. When the central trunk core temperature of the multi-layered 
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PHOENlCS model is used as an estimate of observed responses, it is found that it 
provides a similar if less accurate prediction of the observed response than the average 
trunk core temperature. This is illustrated in figures 9.12 and 9.13, which show how the 
central trunk core temperature predictions from the multi-layered PHOENlCS model 
compares with its average trunk core temperature, for experiments A and E respectively. 
These examples were chosen randomly from the experiments conducted (table 9.7) and 
show that towards the beginning of the exposure the central trunk compartment 
temperature provides a slightly higher and more accurate prediction of the observed 
response than the average trunk core temperature. However, as the exposures progress, 
the central trunk core temperature drops below the average trunk core temperature 
providing a less accurate prediction of the observed human thermal response. The reason 
for this can be seen illustrated in figure 9.11. This figure shows that during a cold 
exposure the muscle layer of the trunk attains the highest temperatures due to shivering. 
This raises the temperature of the thermal layers in the trunk core adjacent to the muscle 
layer, in addition to the average temperature of the trunk core above that of the central 
temperature. 
Even though Gordon and Roemer (1 975b) used the central temperature of the trunk core 
as a means of comparing the predictions from models with differing numbers of thermal 
layers, their results reflect the same observations of this study. That increasing the 
number of thermal layers produces models predicting lower core temperatures and 
higher mean skin temperatures. 
9.2.2.5 The PHOENICS thermoregulatory model 
As the multi-layered PHOENICS model is shown to provide poorer temperature 
predictions than the LUT25-node model in the cold, it is recommended that the LUT25-
node model continues to be used to provide predictions of the human thennal response. 
However, although the multi-layered model should not replace the LUT25-node model, 
it does provide a more accurate description of the true temperature profile through the 
body segments of the model. Thus, the PHOENICS model can be used as a platform on 
which to investigate and address limitations of the LUT25-node model associated with 
its thermoregulatory control mechanism and boundary conditions. Furthermore, it would 
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be much easier to develop a 2 or even 3 dimensional model of human thennoregulation 
in PHOENICS, than it would be to modifY the LUT25-node model. Such a model could 
then be used to assess the impact that asynunetric and vertical thermal stresses have on 
the human thermal response. 
9.2.2.6 Practical limitations of the PHOENICS thermoregulatory model 
The PHOENICS model demonstrates that it is possible to create human 
thermoregulatory models on commercially available numerical software. The benefits 
associated with developing human thermoregulatory models with this type of software 
have been discussed in section 9.1.1. There are however a number of problems 
associated with developing thermoregulatory models with this type of software as were 
faced in developing the PHOENICS thermoregulatory model. These concerned 
developing a spherical rather than cylindrical head for the model and defining the same 
number of thermal layers for model as the 'standard' LUT25-node model. It is believed 
that these limitations in developing a human thermoregulatory model with PHOENICS 
are more related to the authors knowledge of the software rather than on limitations in 
the capabilities of the software. There are however additional limitations associated with 
using commercial numerical software to develop mathematical models. These are listed 
as follows: 
I the software has to be purchased and annual fees paid if user support of 
the code is required; 
11 the software can only be operated on a specific number ofPCs which are 
defined by the terms of the licensing agreement for the software; 
111 the code is not under the sole ownership of the developer and so it is only 
possible to distribute models to other interested organisations who have also paid 
for the software; 
IV certain aspects of the code are inaccessible to the user and so users of this 
code must accept that the software is not only mathematically correct, but is 
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working correctly also. 
9.2.2.7 Additional improvements for the LUT25-node model 
The fundamental alterations made to the LUT25-node model to improve its temperature 
predictions in the cold were limited and it is realised that additional improvements could 
be made to improve its temperature predictions further. Richardson (1988b) for example 
suggests that developing a more complex blood network into the 25-node model, similar 
to that in the model of Wissler (1985) would improve its temperature predictions in the 
cold. The distribution and onset of shivering in the LUT25-node model could also be 
investigated. Currently, the shivering response is distributed amongst the muscle 
compartments of the· model according to the percentages of 2 % to the head muscle, 86 
% to the trunk muscle, 5 % to the muscle of the arms and 7 % to the leg muscle. Tikuisis 
et at (1988) for instance directs all the initial shivering response to the trunk muscle to 
avoid excessive reductions in central blood temperature caused by blood flowing to the 
cooler muscles of the legs and arms, while the onset of shivering in the muscles of the 
limbs is delayed exponentially with time. Tikuisis et at (1988) also introduced a 
shivering mechanism to their model independently controlled by skin receptors. This 
was introduced in an attempt to establish the rapid rise in metabolic heat production 
often observed with cold water immersion. 
Hindsight suggests that the cold modifications made to the LUT25-node model should 
have also been introduced to the PHOENICS model. This may have lead to more 
accurate predictions from the multi-layered PHOENICS model, which could conflict 
with some off the conclusions made in this study. 
9.3 Conclusion 
Through the development of what is believed to be the first multi-layered model of 
human thermoregulation created on a commercial piece of numerical software 
(PHOENICS), it has been possible to demonstrate that increasing the number of thermal 
layers in the LUT25-node model will not improve its temperature predictions of cold 
exposures. This contradicts the common belief that increasing the number of 
temperature layers in the 25-node model of human thermoregulation would improve its 
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temperature predictions. Alternatively, fimdamental changes to the LUT25-node model, 
involving the estimate of a true skin surface temperature for the model, improvements in 
the model's vasomotor response and the introduction of counter-current heat exchange to 
the model's blood network, have resulted in a model providing more accurate 
predictions of the rectal temperature and shivering response than the 'standard' LUT25-
node model. Further suggestions are also made on what additional improvements could 
be made to the LUT25-node model to improve the accuracy of its temperature 
predictions with observed human responses, which include the development of a more 
complex blood system and improvements in the distribution and onset of shivering 
within the model. 
The thermoregulatory model developed on PHOENICS illustrates that it is possible to 
create such models on commercially available numerical software. Future applications 
of the PHOENICS thermoregulatory model include its use to consider the affect of non-
uniform thermal stresses on the human thermal response and its potential for 
investigating the limitations in the controlling mechanism of the LUT25-node model. 
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CHAPTER 10 
Summary and conclusions 
10 Summary and conclusions 
This thesis can be categorised into three fundamental areas of work associated with 
the LUT25-node model of human thermoregulation: 1) the development of the 
LUT25-node model to predict the human thermal response; 2) a demonstration of the 
practical applications of the LUT25-node model; 3) an investigation of the LUT25-
node model's poor predictions of the human thermal response during cold exposures. 
The conclusions of each aspect of the work are discussed separately below. 
10.1 Conclusions from the development of the LUT2S-node model 
Chapter 4 of the thesis highlighted many limitations associated with the LUT25-node 
model. From this list three main areas of development were identified for the model: 
1) adapting it to predict the thermal response of subjects of varying anthropometry 
(body size and composition); 2) developing the model to consider heat acclimation in 
its predictions; 3) improving the clothing model of the LUT25-node model to estimate 
the properties of clothing ensembles in addition to providing it with an ability to 
consider the distribution of clothing thermal properties over the body. Based on 
information gathered from the published literature these modifications to the model 
were implemented in chapter 5. 
10.1.1 Conclusions: Anthropometric LUT2S-node model 
The anthropometric LUT25-node model prompts the user to enter the height mass and 
body composition of the individual they wish to simulate. This arouses numerous 
changes in the physical and physiological parameters of the LUT25-node model. 
These include its surface area, body fat, heat capacity, thermal conductance, basal 
metabolic heat production, basal blood flow, basal evaporation, heat transfer 
coefficients, sweating response, vasodilatory response, shivering response, resting and 
'set-point' compartment temperatures. 
Validation of this addition to the model consisted of a qualitative and quantitative 
assessment of its predictions. The qualitative validation investigated how changes in 
the anthropometric inputs to the model affect its output. The quantitative analysis 
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compared the accuracy of the anthropometric model's predictions over those of the 
original 'standard' LUT25-node model to predict the human thennal response. This 
compared model predictions with 164 individual subject thermal responses (rectal and 
mean skin temperature) deriving from two CHS internal trials. The conclusions from 
this adaptation and validation of this feature of the model were as follows: 
1 The qualitative assessment demonstrated that the anthropometric model 
responds correctly to changes in its anthropometry. It estimates that body fat 
and a low surface area/mass (AoIM) reduce an individuals thermal strain in the 
cold. In the heat, the model indicates that body fat has little impact on the 
human thermal response, while individuals with a large AdM have a lower 
thennal strain in hot dry conditions, but a higher thermal strain during hot 
humid exposures. These responses from the model agree with observations 
made on measured subject responses presented in the published literature. 
2 For..the quantitative validation the anthropometric LUT25-node model failed to 
provide a closer estimate of subject responses than the 'standard' LUT25-node 
model on the majority of occasions (around 60 %). However, closer 
examination of the results revealed that in around 40 % of occasions, the 
responses of the anthropometric and 'standard' LUT25-node models were very 
similar. Furthermore, in over 70 % of the exposures, the difference in the 
RMSD of the anthropometric and 'standard' LUT25-node models' responses 
from the measured responses was less than 0.1 cC. 
3 Combining the predictions from both the anthropometric and 'standard' 
models provides a better approximation of subject responses than the 
'standard' model on its own. 
4 An advantage the anthropometric model has over the LUT25-node model is an 
ability to predict the spread in a groups thermal response. In this role, the 
quantitative assessment demonstrated that the anthropometric model 
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underestimates the spread III subject rectal and mean skin temperature 
responses. 
5 The validation of the anthropometric LUT25-node model is more extensive 
than any performed on any other thermoregulatory model developed to 
simulate subjects of differing anthropometry. 
6 In comparison to other thermoregulatory models, the anthropometric LUT25-
node model simulates the most comprehensive changes in subject 
anthropometry than any other presented in the published literature. 
10.1.2 Conclusions: Heat acclimated LUT25-node model 
To predict the responses of heat acclimated subjects, changes have been made to the 
LUT25-node model's resting core temperature response, basal skin blood flow, basal 
metabolic rate, set-point temperatures and the sweating and vasodilatory responses. 
The magnitude of these altcrations in the LUT25-node model's characteristics 
gradually alters with the number of days heat accIimation. To test the predictions from 
the acclimated model, both a qualitative and quantitative investigation was performed. 
The qualitative assessment compared the responses from the model with those 
observed in heat acclimated experimental subjects. The quantitative validation 
compared the acclimated and 'standard' LUT25-node models' predictions with 
experimental measures deriving from three independent sources. Data from these 
sources consisted of the mean rectal and mean skin temperature responses from 
between 4 and 12 experimental subjects. The conclusions of this modification to the 
model were as follows: 
I From a qualitative perspective, the heat acclimated LUT25-node model 
correctly mimics the changes that occur in the physiological and thermal 
responses of heat acclimated subjects with acclimation. These include, a lower 
resting core temperature, lower core and skin temperature responses, reduced 
rates of rise in both core and skin temperature, and increased peripheral blood 
tlow and moisture loss. 
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2 The quantitative assessment of the models' predictions demonstrated that the 
heat acclimated LUT25-node model provides closer predictions of acclimated 
subject responses than the 'standard' LUT25-node model. 
3 Reviews of the published literature indicate that the LUT25-node model 
provides the most detailed simulation of the heat acclimated response than any 
other rational mathematical thermoregulatory model. 
4 It is not certain what causes the drop in resting core temperature with heat 
acclimation. To simulate this response in the heat acclimated LUT25-node 
model, its basal metabolic heat production was reduced by 4 %, and the basal 
skin blood flow was increased by 10 %. These alterations in the model suggest 
possible physiological changes that might actually occur with heat acciimation 
and account for the observed drop in resting core temperature. 
10.1.3 Conclusions: Distributed clothing model 
The distributed clothing model for the LliT25-node model is based on the familiar 
measures of a clothing's thermal and vapour properties; the intrinsic clothing 
insulation (lel), clothing area factor (fel) and Woodcock permeability index (inJ. To 
simulate clothing ensembles with the model, users need to specity the le!, fcl' im, the % 
surface area of the model's body segments covered by the clothing, and whether it is 
the top or bottom of the body segment which is covered. With this information, the 
model is able to estimate, an le!, fcl and im for a clothing ensemble and how the thermal 
and vapour properties of the ensemble are distributed over the body. 
Validation of the predictions from the clothing model consisted of two separate 
studies. The first assessed the ability of the model to predict the properties of clothing 
ensembles. This involved comparing predicted le! and fcl from the model, with 
measured values for clothing ensembles presented in ISO 9920 (1995). Altogether, the 
predictions from the model were tested against 87 measured clothing ensemble le! and 
fe! values. It was not possible to find any combined measured data on im values for 
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clothing ensembles and the items of clothing making up the ensembles. Hence, it was 
not possible to test the ability of the model to predict im values for clothing ensembles. 
The second test investigated how distributing the properties of clothing influences the 
predictions from the LUT25-node thermoregulatory model. Measured thermal 
responses were taken from a published paper investigating how altering the 
distribution of a clothing ensembles thermal properties influences the human thermal 
response. These responses were compared with the predicted thermal responses from 
the LUT25-node thermoregulatory model, when operated with the distributed and 
'standard' clothing models. The conclusions from the modification to the clothing 
model and outcome of its validation are as follows: 
I Predicted IcI values from the model showed close agreement with measured 
values, with the standard deviation between measured and predicted values 
being 0.2 clo. In general, the model tended to overestimate measured lel values. 
2 The test results for the ability of the clothing model to predict ensemble fcl 
values were less successful than the results from the Iel test. Plots of predicted 
versus measured f.:1 values deviated fi'om the line of symmetry, with the model 
dramatically underestimating measured fcl values. The standard deviation 
between measured and predicted responses was 0.08. 
3 The improved distributed clothing model is shown to interact correctly with 
the LUT25-node thermoregulatory model, ie in areas of the body where 
clothing insulation is concentrated, the skin temperature response is higher. 
4 The assessment of the distributed clothing model's impact on the 
thermoregulatory predictions provided no clear indications on whether this 
was an improvement on the 'standard' clothing model's impact on 
thermoregulatory predictions. Half of the results consisted of examples where 
the distributed clothing model produced a better thermoregulatory prediction 
of measured responses, while in the remainder of the results, the use of the 
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distributed clothing produced less accurate thennoregulatory predictions than 
when the 'standard' clothing model was used. 
5 In comparison to other distributed clothing models presented in the published 
literature, the LUT25-node distributed clothing model bases its calculations on 
the properties of individual clothing items making up the clothing ensemble, 
whereas other models concentrate on using fundamental characteristics of 
clothing ensembles to estimate clothing ensemble properties. 
6 The LUT25-node distributed clothing model possesses half as many body 
segments as any other distributed clothing model found in the published 
literature. 
7 In companson to any other mathematical model found in the published 
literature, the distributed LUT25-node clothing model provides the least 
accurate predictions of clothing ensemble lel values. However, the predictions 
from the LUT25-node clothing model have been compared with a larger 
sample of clothing ensembles possessing broader clothing properties. 
8 Regression equations for estimating clothing insulation values tend to be more 
accurate than the LUT25-node distributed clothing model at predicting an 
ensemble's properties. However, results for regression equations are 
commonly based on comparisons with data on which they were developed. 
Comparisons with other data indicate that regression equations might be less 
accurate than the predictions from the LUT25-node distributed clothing model. 
10.2 Conclusions from the applications of the LUT25-node model 
The second part of the thesis looked at two practical applications of the LUT25-node 
model. The first was a backward modelling application for the LUT25-node model. 
This concerned a further modification to the model, allowing it to predict how any 
single parameter of thennal stress (either air or mean radiant temperature, relative 
humidity, air speed, clothing insulation, Woodcock penneability index, metabolic heat 
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production, exposure time) should be set to maintain deep body temperature (trunk 
core temperature) within acceptable limits. Although no actual uses of the model were 
presented, several hypothetical scenarios illustrated the significance of this 
modification. Discussion highlighted potential uses for the backward model, and ideas 
for developing it further. 
The second application involved the use of the LUT25-node model to explain a 
physiological phenomenon; the initial drop in internal body temperature at the onset 
of exercise. This study initially involved a literature review to establish what 
published information was available on the initial temperature drop (lID). In addition, 
the LUT25-node model, which predicts this physiological response, was analysed to 
determine the processes that cause the model to predict the lID and the external 
disturbances that influence it. Comparisons were also made between the physiological 
mechanisms responsible for the initial temperature drop and that for the classical 
'afterdrop'. Each practical application of the LUT25-node thermoregulatory model 
established the following conclusions. 
10.2.1 Conclusions: Backward modelling with the LUT2S-node model 
I In addition to the LUT25-node model, only one other thermoregulatory model 
is knovm to automate the process of backward modelling. However, the extent 
of the backward modelling is limited in this example, as it is only able to 
backward model exposure time. 
10.2.2 Conclusions: The drop in internal body temperature with exercise 
I Analysis of the published experimental data and investigations of the LUT25-
node model of human thermoregulation support the concept that the ITD is 
caused by the perfusion of initially cold working muscles with warm arterial 
blood, resulting in a cold venous return to the body core. It is also speculated 
that a reduction in counter-current heat exchange between blood vessels could 
contribute to the lID. 
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2 Both the thennoregulatory model and ITD in the experimental data 
demonstrate an inverse relationship exists between air temperature and the 
magnitude, duration, and time of onset of the ITD. The model further 
demonstrates a similar relationship exists between the ITD and mean radiant 
temperature, intrinsic clothing insulation and relative humidity, while there is 
a positive relationship between the lID characteristics, and air speed and 
clothing penneability. 
3 Investigations of the relationship between metabolic heat production and the 
ITD in the thennoregulatory model suggest there is a certain metabolic heat 
production at which a maximum ITD occurs. Interpolation of experimental 
results confinns that such a situation also arises in reality. 
4 The limitations of experimental protocols and results established possible 
factors that could create false ITD or hinder their detection. Furthennore, 
insufficiencies of the LUT25-node model were identified that could cause the 
thennoregulatory model to overestimate the characteristics of the ITD. 
5 It was found that the ITD also occurs in the cold, but should be considered a 
separate physiological response to the afterdrop. However, it is speculated 
that each phenomenon augments the characteristics ofthe other. 
6 The investigation is a purely hypothetical analysis of the initial temperature 
drop observed in deep body temperature at the onset of exercise. It is hoped 
that in addition to expanding on the limited infonnation available on the ITD, 
the work provides essential information for developing purpose designed 
experiments for investigating the ITD in the future, and so enhance and 
confinn the findings and theories generated in this study. 
10.3 Conclusions on the cold response of the LUT25-node model 
The final part of the thesis (chapter 9) investigated reasons for the LUT25-node 
model's poor predictions in the cold. Previous investigators had suggested that the 
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limited number of tissue layers in the LUT25-node model was to blame for this. To 
test this theory a multi-layered LUT25-node thermoregulatory model was developed 
on a commercial piece of numerical software called PHOENICS. In addition, a 
separate LUT25-node model ('cold' LUT25-node model) was developed, possessing 
counter-current heat exchange, an improved vasoconstrictive response, and an ability 
to predict a true skin surface temperature. This model was developed to determine if 
more fundamental physiological limitations of the LUT25-node model were the cause 
for its poor predictions in the cold. 
To test the accuracy of these models, their predictions were compared with 
experimental measures deriving from five independent sources. Altogether, 
comparisons were made under 13 experimental exposure conditions, in which air and 
mean radiant temperatures ranged between 5 °C and 18°C, and the number of 
subjects attending each exposure ranged between 3 and 10. Conclusions drawn from 
the study are listed below. 
1 Contrary to common belief, this study shows that increasing the number of 
thermal layers in the LUT25-node model reduces its ability to accurately 
predict deep body temperature and metabolic heat production during cold 
exposures. However, it is shown to improve its ability to predict mean skin 
temperature. 
2 Improving more fundamental physiological characteristics of the LUT25-
node model is shown to improve its predictions of deep body temperature and 
metabolic heat production for cold exposures. 
3 Results from this work agree with similar findings made by Haslam (1989) 
and Haslam and Parsons (1989); that the LUT25-node model tends to 
overestimate the observed drop ·in deep body temperature and rise In 
metabolic heat production during cold exposures. 
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4 This study provides the first known model of human thennoregulation to be 
developed on a commercial piece of numerical software. The work confinns 
that it is possible to develop thermoregulatory models with commercial 
numerical software and highlights possible limitations and benefits of taking 
this option to develop thermoregulatory models. 
5 It is concluded that the improved 'cold' LUT25-node model should be used to 
provide temperature predictions in the cold. 
6 Because the PHOENICS model provides a truer mathematical representation 
of the LUT25-node model's passive form, it is recommended that this model 
should be used to investigate and address limitations of the LUT25-node 
model associated with its thermoregulatory control mechanism and boundary 
conditions. 
10.4 Summary 
In summary, the intention of this thesis has been to develop and illustrate the practical 
applications of the LUT25-node model of human thermoregulation, in addition to 
investigating the poor accuracy of its cold exposure predictions. The enhancements 
made to the model are unique in as far as the style and depth of the changes made to 
the model are concerned. With respect to other thermoregulatory models, none were 
found to contain the range and depth of practical features that the LUT25-node model 
presently possesses. 
The work itself has followed on from and contributed to the validation of the LUT25-
node model performed by Haslam (1989) and Haslam and Parsons (1989). There is 
scope for continued development of the model, which will improve the accuracy of its 
predictions further. This should concentrate on both practical capabilities and the 
predictive accuracy of the model, in order to achieve an ideal model of the human 
thennal response. 
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CHAPTER 11 
Future work 
11 Future work 
Problems were encountered in obtaining adequate data with which to develop and 
validate changes to the LUT25-node model. Furthermore, numerous limitations have 
been identified for the model. These concern both the changes made to the LUT25-
node model in this study and other physiological features and responses that the model 
does not presently possess. 
Predictions of the human thermal response from the LUT25-node model can be 
improved further, but work is required addressing the problems defined above. This 
work can be separated into two main avenues of development: I) enhancing the 
thermal predictions already made by the LUT25-node model: 2) introducing 
additional practical capabilities to the model. Ultimately, these improvements should 
lead to the development of an accurate, reliable thermal system, capable of providing 
predictions to any conceivable thermal physiological scenario. To achieve this goal 
the following recommendations of future work are made. 
11.1 Anthropometric LUT25-node model 
I Information is required on how anthropometry (body size and composition) 
influences the human thermal response (ie basal blood flow, sweating, 
vasomotor and shivering response and set-point temperatures). Carefully 
controlled experiments should be conducted to obtain such data. Results will 
provide a better understanding on the human thermoregulatory response and 
data with which to develop human thermoregulatory models. 
2 The LUT25-node model should be altered to consider how changes in body 
shape (somatotype) and the proportions and thermal properties of other tissue 
types in the body (with the exception of body fat) vary between individuals. 
This should help improve the accuracy of the model's predictions. 
3 Introduce other individual factors into the predictions from the LUT25-node 
model, such as age, sex, physical fitness, subject posture, exercise type, 
relative air motion and hydration state. 
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4 Repeat the quantitative validation performed in chapter 6, with a lO-minute 
period of preconditioning for the anthropometric LUT25-node model to the 
environmental conditions. It is expected that this will improve the accuracy of 
its predictions over those of the 'standard' LUT25-node model. 
11.2 Heat acclimated LUT25-node model 
1 The heat acclimated model should be modified to consider varying degrees of 
heat acclimation aroused through acclimation to different environmental and 
exercise conditions. The influence physical fitness plays in reducing the 
number of days to acclimate subjects and the inverse affect it has on the decay 
in acclimated state should also be considered by the model. Furthermore, the 
rate of decay in the physiological changes that occur with heat acciimation are 
not all the same and this should be taken into consideration by the LUT25-
node model. 
2 Try to establish the fundamental cause for the physiological changes aroused 
with heat acclimation. These include, the drop in resting core temperature, the 
onset of sweating at a lower core temperature, the increased sweating 
sensitivity, and a decreased metabolism generated during exercise. Such 
information could be applied in the LUT25-node model to improve its rational 
simulation of the thermoregulatory response and even the accuracy of its 
predictions. 
3 Determine if the sensitivity of the vasodilatory response alters with heat 
acclimation. This should confirm the alterations made to the LUT25-node 
model's blood flow response with heat acclimation. 
4 A thorough validation of the predictions from the heat acclimated LUT25-node 
model should be performed, to confirm the results of the limited study 
performed in this thesis. 
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11.3 Distributed clothing model 
I The distribution of skin temperature should be considered in the clothing 
calculations of the distributed clothing model. This should improve the 
accuracy of the model to predict clothing ensemble Iel> £"1 and im values. 
2 Increase the number of body segments in the clothing model to Improve 
clothing description, and so the predictions from the clothing model. 
3 Conduct purpose designed experiments looking at how the distribution of 
clothing influences the human thermal response. Measured data from such 
tests can be used to further validate the impact the distributed clothing model 
has on the predictions from the thermoregulatory LUT25-node model. 
4 Compare predictions from the distributed clothing model with those provided 
by regression equations to determine which method is more accurate. This will 
establish if predictions from the distributed clothing should be relied upon 
more than those provided by regression equations. 
5 Compare predictions from the LUT25-node model's distributed clothing 
model with those from other clothing models, to establish directly how the 
accuracy of the predictions from this model compares with others presented in 
the published literature. 
6 Improve the clothing model to consider the influence postural changes, the 
wearers activity, air penetration and moisture has on the properties of clothing 
ensembles, and how moisture absorption (regain), moisture evaporation and 
condensation affect the thermal balance of clothing. It is also important that 
the clothing model takes into account how the fit of clothing influences its 
thermal and vapour properties. 
7 Purposed designed experiments should be conducted measuring the im of 
clothing garments and ensembles, providing data with which to validate the 
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ability of the LUT25-node model to predict clothing ensemble im values. 
11.4 Backward modelling with the LUT25-node model 
1 Develop the backward modelling application to backward model heat 
acdimated state, anthropometry, clothing distribution and water statistics. 
2 Configure the backwards modelling application to automatically create charts 
detailing comfort zones and safe working protocols for any user defined 
experimental or working schedule. 
11.5 The drop in internal body temperature with exercise (lTD) 
1 Experiments should be performed to investigate how environmental, clothing 
and working parameters influence measured ITDs. These results can be 
compared with the predictions from the LUT25-node model to confirm its 
predictions. 
2 Experiments should be conducted investigating what practical benefits there 
might be in inducing the ITD to reduce thermal strain and extend tolerance to 
work in the heat. 
11.6 The LUT25-node model's predictions during cold exposures 
1 Introduce suggested changes to the LUT25-node model to further improve the 
accuracy of its temperature predictions in the cold. These include an increase 
in the complexity of the blood network of the model, develop the distribution 
and onset of shivering in the model, and introduce a separate shivering 
mechanism independently controlled by skin receptors. 
2 Introduce the changes made to develop the 'cold' LUT25-node model to the 
PHOENICS model, to determine if this will improve the accuracy of its 
predictions in the cold. This will confirm if addressing the number of layers in 
the LUT25-node model, or addressing fundamental physiological limitations 
of the LUT25-node model, is the best means of improving its temperature 
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predictions in the cold. 
3 Develop a 3-dimensional PHOENICS thermoregulatory model, which can be 
used to investigate a-synunetric and vertical thermal stresses on the human 
thermal response. 
4 Develop a more rational basis for simulating counter-current heat exchange in 
the LUT25-node model of human thermoregulation. This should enhance the 
thermal predictions from the model and improve its simulation of the thermal 
physiological response. 
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APPENDIX A 
Source code for the LUT25-node model 
A.I Source code for the LUT25-node model 
This Appendix lists the code and data files for the LUT25-node model of human 
thermoregulation. Contrary to the previous version of the model presented by Haslam 
(1989), this version no longer has a user interface as an integral part of the program. 
Instead, this has been developed in a separate program by Witheyand Wadsworth 
(1997) and links with the program for the LUT25-node model. However, it is still 
possible to operate the LUT25-node model in isolation, by modifYing and reading its 
input and output data files. 
The version of the model presented here contains additional modifications to those 
presented in the thesis (volume I). These include, prediction of heat. exhaustion 
casualties, a facility to consider microclimate cooling, and predictions of the thermal 
response for different types of exercise. Although the author co-ordinated all 
modifications made to the model, these additional modifications were implemented by 
Industrial Placement Students to CHS (C E Mishan and M Bentley). Hence, these 
modifications were not considered worthy introductions to the thesis. Furthermore, to 
ensure the code for the LUT25-node model is presented in its most accurate form, no 
attempt was made to remove these features from the code. Details of these additional 
modifications can be found in a separate report (parsons and Neale, 1997). 
A-I 
APPENDIX A 
Source code for the LUT25-node model 
C 
C LUT 25-NODE MODEL OF HUMAN THERMOREGULATION (v2.5e) 
C (ADAPTED FROM STOLWIJK AND HARDY 25-NODE MODEL) 
C CLOTHING COVERS HEAD AND HANDS 
C 
C PROGRAM ALSO REQUIRES DATA FILE: THRM25E.DAT 
C 
C 
DIMENSION VALUES(9) 
DIMENSION SKINR(6),SKINS(6),SKINV(6),SKINC(6),WORKM(6,5),VO(5), 
+CHILM(6) 
REAL MASS,HEIGHT,TTEMP 
INTEGER HDAYS,ADAYS,SINCE,IFLAG,FINISH,EXERCISE 
CHARACTER*l MINMAX,LET,IND 
COMMON/ACCL/ADAYS, HDAYS , SINCE 
COMMON/SIZE/LET,MASS,HEIGHT,FAT,IND 
COMMON/OPTIMISE/IFLAG,TTEMP,BACKT,VALUES,BACKO,MINMAX, 
XFINISH 
COMMON/CONTROL/CSW,SSW,PSW,CDIL,SDIL,PDIL,CCON,SCON,PCON, 
XCCHIL,SCHIL,PCHIL,BULL,SKINR,SKINS, SKINV, SKINC,WORKM,C HILM, 
XEXERCISE,VO 
C Open user-input data file (USEIN25E.DAT), the model's own data file 
C (THRM25E.DAT) and the ouput data files (LUT2525E.DAT, MODOT25E.DAT) 
C 
C 
OPEN(UNIT=12,FILE='C:\MODSYS\USEIN25E.DAT', 
XSTATUS='UNKNOWN') 
OPEN(UNIT=ll,FILE='C:\MODSYS\THRM25E.DAT',MODE='READ', 
XSTATUS='OLD') 
OPEN(UNIT=10,FILE='C:\MODSYS\OUT25E.DAT',STATUS='UNKNOWN') 
OPEN(UNIT=13,FILE='C:\MODSYS\MODOT25E.DAT', 
XSTATUS='UNKNOWN') 
OPEN (UNIT=14,FILE='C:\MODSYS\MAXMIN.DAT', 
XSTATUS='UNKNOWN') 
OPEN(UNIT~15,FILE='C:\MODSYS\STORE.DAT',STATUS='UNKNOWN' ) 
OPEN(UNIT=16,FILE='C:\MODSYS\FLAG.DAT',STATUS='UNKNOWN') 
C Read initial data in user-input data file 
C 
REWIND12 
READ(12,lO)LET,IND,MASS,HEIGHT,FAT,HDAYS,ADAYS,SINCE 
READ(12,13)TTEMP,IFLAG,MINMAX 
10 FORMAT(lXAl,3XAl,3(3XFll.6),3(3XI3)) 
13 FORMAT(lXF7.3,3XI2,3X,Al) 
C 
C Read data from model's own data file 
C 
CALL MODDAT 
C 
C Calculate the surface area, weight, heat capacity, thermal 
C conductivity 
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C density, and volume of the model and make alterations to these 
C figures if the body size of the model is changed 
C 
CALL BODYSIZE 
C 
C If the model is heat acclimated or its bodysize has changed 
C CALL ACCLIMATION 
C 
C 
IF ( (ADAYS. GT. 0) .OR. (LET. EQ. 'y') .OR. (LET. EQ. 'y') . OR. 
X (IND. EQ. 'Y') .OR. (IND. EQ. 'y') ) THEN 
CALL ACCLIMATION 
ENDIF 
C If backward modelling is to be performed CALL BACKWARD 
C 
IF ( (IFLAG. GT. 0) .AND. (IFLAG. LE. 9) ) THEN 
CALL BACKWARD 
ENDIF 
WRITE(16,15)FINISH 
15 FORMAT(I3) 
C 
CALL SIMULATION 
CLOSE (UNIT=10) 
CLOSE (UNIT=lll 
CLOSE (UNIT=12) 
CLOSE(UNIT=13) 
CLOSE (UNIT=14) 
CLOSE (UNIT=15) 
CLOSE (UNIT=16) 
END 
C Subroutine accessing data in model's data file (THRM25E.DAT) 
C 
C 
SUBROUTINE MODDAT 
DIMENSION R(25),DIST(25),SH(25),DEN(25),QB(24),EB(24),BFB(24), 
XCON(24),HCB(6),ARAD(6),TSET(25),SKINR(6),SKINS(6) , 
XSKINV(6), SKINC (6), WORKM(6,S), VO (5), CHILM( 6) ,T (25) , 
XPROBITS(10,11),VALUES(9),CCHF(24) 
REAL CSW,SSW,PSW,CDIL,SDIL,PDIL,CCON,SCON,PCON,CCHIL,SCHIL, 
XPCHIL,BULL 
INTEGER FINISH,EXERCISE 
CHARACTER*1 MINMAX 
COMMON/DIMPROP/R,DIST,SH,DEN,CON 
COMMON/BASAL/QB,EB,BFB,HCB,ARAD 
COMMON/TEMP/TSET,T 
COMMON/CONTROL/CSW,SSW,PSW,CDIL,SDIL,PDIL,CCON,SCON,PCON, 
XCCHIL,SCHIL,PCHIL,BULL,SKINR,SKINS, SKINV, SKINC,WORKM,C HILM, 
XEXERCISE,VO 
COMMON/CASUAL/PROBITS,CCHF 
COMMON/OPTIMISE/IFLAG,TTEMP,BACKT,VALUES,BACKO,MINMAX, 
XFINISH 
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C Read constants for model's passive system 
C 
C 
C 
REWIND (11) 
READ (11, 10) R 
READ (11,10) DIST 
READ (11,60) SH 
READ (11, 30) DEN 
READ(11,50)QB 
READ(11,50)EB 
READ (11,90) BFB 
C Read anthropometric data 
C 
C 
C 
READ (11, 91) CON 
READ (11,40) HCB 
READ (11, 40)ARAD 
C Read constants for the model's active system 
C 
READ (11, 60) TSET 
READ(11,80)CSW,SSW,PSW,CDIL,SDIL,PDIL,CCON,SCON,PCON,CCHIL, 
C 
XSCHIL,PCHIL,BULL 
READ(11,40)SKINR 
READ(11,70)SKINS 
READ(11,70)SKINV 
READ(11,40)SKINC 
READ(11,40)WORKM 
READ (11, 45) VO 
READ(11,40)CHILM 
C READ INITIAL CONDITIONS 
C 
READ(11,60)T 
C 
C Read counter-current heat exchange factors for blood flow 
C 
READ (11, 60) CCHF 
C 
C Read in probit table for predictions of heat exhaustion casualties 
C 
READ (11, 94) ( (PROBITS (I, J), I=l, 10), J=l, 11) 
C 
C Read initial estimated values for backward rnodeling 
C 
READ (11,96)VALUES 
C 
C Format statements 
C 
10 FORMAT (25F7.4) 
30 FORMAT(25F8.3) 
40 FORMAT(6F5.2) 
45 FORMAT (5F5.2) 
50 FORMAT(24F5.2) 
60 FORMAT (25F5.2) 
70 FORMAT (6F5.3) 
80 FORMAT (13F6.2) 
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90 FORMAT (24F6.2) 
91 FORMAT(24F7.4) 
94 FORMAT (10F5.2) 
96 FORMAT (9F7.2) 
C 
RETURN 
END 
C Subroutine to evaluate the surface area and weight of the model 
C 
C 
SUBROUTINE BODYSIZE 
DIMENSION R(25),DIST(25),SH(25),DEN(25),QB(24),EB(24), 
XBFB(24) ,CON(24) ,HCB(6) ,ARAD(6) 
DIMENSION S(6),WGT(25),VOLUM(24),VOLS(6),C(25),TC(24), 
XSWGT(25) ,VOL(24) ,QBOLD(24),ROLD(25) 
REAL SA,TSA,TWGT,TWGHT,SAD,TVOL,THCAP,HCAP 
REAL MASS,HEIGHT,FAT 
REAL RCM(24),RMP(24),DX(24),DTC(24),AMP(24),PI 
CHARACTER*l LET,IND 
COMMON/SIZE/LET,MASS,HEIGHT,FAT,IND 
COMMON/DIMPROP/R,DIST,SH,DEN,CON 
COMMON/BASAL/QB,EB,BFB,HCB,ARAD 
CO~WON/BODY/SA,S,C,THCAP,HCAP,TC,TWGT,TWGHT,TSA,WGTLEAN,WGTLENN 
COMMON/SOLRAD/RCM 
C Calculate pie 
C 
PI=4*(ATAN(1.0)) 
C 
C Save the old radii of the model's tissue compartments 
C 
ROLD=R 
C 
C Calculate the outer surface area of the model's segments and 
C the model's total surface area 
C 
SA=O 
DO 10 K=1,6 
SELECT CASE (K) 
CASE (1) 
S(K)=R(K*4)**2*4*PI 
CASE DEFAULT 
S(K)=2*PI*R(K*4)*DIST(K*4) 
END SELECT 
SA=SA+S (K) 
10 CONTINUE 
TSA=SA 
C 
C Calculate the compartmental and total volume of the standard model 
C 
TVOL=O.O 
DO 160 K=1,24 
SELECT CASE(K) 
CASE (1) 
VOLUM(K)=(4*22*R(K)**3)/21 
CASE(2:4) 
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VOLUM(K)=(4*22*(R(K)**3-R(K-1)**3»/21 
CASE(5,9,13,17,21) 
VOLUM(K)=(22*DIST(K)*R(K)**2)/7 
CASE DEFAULT 
VOLUM(K)=(22*DIST(K)*(R(K)**2-R(K-1)**2»/7 
END SELECT 
TVOL=TVOL+VOLUM(K) 
VOL(K)=VOLUM(K) 
160 CONTINUE 
C 
C Calculate the weight of the standard model 
C 
C 
TWGT=O 
N=26 
DO 190 K=1,25 
SELECT CASE (K) 
CASE (1) 
SWGT(K)=(4*PI*R(K)**3/3)*DEN(K) 
N=N+1 
CASE(2:4) 
SWGT(K)=(4*PI*(R(K)**3-R(K-1)**3)/3)*DEN(K) 
C Equation subtracts blood volume, R(25), from the trunk core volume 
C 
CASE(5) 
SWGT(K)=( (PI*R(K)**2*DIST(K»-R(25) )*DEN(K) 
N=N+1 
CASE(9,13,17,21) 
SWGT(K)=PI*R(K)**2*DIST(K)*DEN(K) 
N=N+1 
CASE (25) 
SWGT(K)=R(K)*DEN(K) 
CASE DEFAULT 
SWGT(K)=PI*DIST(K)*(R(K)**2-R(K-1)*'2)*DEN(K) 
END SELECT 
TWGT=TWGT+SWGT(K) 
190 CONTINUE 
TWGHT=TWGT 
C 
C Calculate mass of fat and lean mass in the 'standard' model 
C 
C 
WGTFAT=O.O 
DO 1=1,6 
WGTFAT=WGTFAT+SWGT(I*4-1) 
ENDDO 
WGTLEAN=TWGT-WGTFAT 
WGTLENN=WGTLEAN 
C Determine if the anthropometry needs altering 
C 
IF«LET.EQ. 'Y') .OR. (LET.EQ. 'y') .OR. (IND.EQ. 'Y') .OR. 
X(IND. EQ. 'y') )THEN 
C 
C Calculate the new total surface area of the model according to 
C DuBois and DuBois (1916) height weight formula 
C 
C 
IF( (LET. EQ. 'Y') .OR. (LET. EQ. 'y') ) THEN 
SAD=0.202*MASS**O.425*HEIGHT**O.725 
C Calculate the increase in surface area of the models individual 
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C compartments 
C 
C 
DO K=1,6 
S(K)=S(K)*SAD/SA 
ENDDO 
ELSE 
MASS=TWGT 
SAD=SA 
ENDIF 
C Set % content of body fat to 'standard' value (15 %) if body 
C composition has not been altered 
C 
C 
IF( (IND.NE. 'Y') .AND. (IND.NE. 'y') )THEN 
FAT=WGTFAT/TWGT 
ENDIF 
C Calculate mass of fat and lean mass in the new model 
C 
C 
WGTFATN=FAT*MASS 
WGTLENN=MASS-WGTFATN 
C Calculate new volumes of all tissue compartments 
C 
C 
DO 1=1,24 
SELECT CASE(I) 
CASE(3,7,11,15,19,23) 
VOLUM(I)=VOLUM(I)*WGTFATN/WGTFAT 
CASE DEFAULT 
VOLUM(I)=VOLUM(I)*WGTLENN/WGTLEAN 
END SELECT 
ENDDO 
C Calculate the new volume of the central blood compartment 
C 
R(25)=R(25) * (WGTLENN/WGTLEAN) 
C 
C Check that the calculated mass of the new model matches the value 
C input by the user 
C 
C 
TOTWG=O.O 
N=26 
DO K=I,25 
SELECT CASE (K) 
CASE(I) 
WGT(K)=VOLUM(K)*DEN(K) 
N=N+l 
CASE(2:4) 
WGT(K)=VOLUM(K)*DEN(K) 
C Equation subtracts blood volume, R(2S), from the trunk core volume 
C 
CASE(5) 
WGT(K)=(VOLUM(K)-R(25) )*DEN(K) 
N=N+l 
CASE(9,13,17,21) 
WGT(K)=VOLUM(K)*DEN(K) 
N=N+l 
CASE(25) 
WGT(K)=R(Ki*DEN(K) 
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C 
CASE DEFAULT 
WGT(K)=VOLUM(K)*DEN(K) 
END SELECT 
TOTWG=TOTWG+WGT(K) 
ENDDO 
OLDFAT=O.O 
DO 1=1,6 
OLDFAT=OLDFAT+VOLUM(1*4-1)*DEN(1*4-1) 
ENDDO 
OLDLEAN=TOTWG-OLDFAT 
C Modify the volumes of the models compartments so that model's mass 
C correlates with the mass input by the user 
C 
C 
DO 1=1,24 
SELECT CASE (I) 
CASE(3,7,11,15,19,23) 
VOLUM(I*4-1)=(WGTFATN/OLDFAT)*VOLUM(I*4-1) 
CASE DEFAULT 
VOLUM(I)=(WGTLENN/OLDLEAN)*VOLUM(I) 
END SELECT 
ENDDO 
R(25)=R(25)*WGTLENN/OLDLEAN 
C Calculate the volumes of the model's segments 
C 
C 
DO K=1,6 
VOLS(K)=O.O 
DO 1=1,4 
VOLS(K)=VOLS(K)+VOLUM(4*K-4+I) 
ENDDO 
ENDDO 
C Calculate the new lengths of the model's cylindrical segments 
C 
C 
DO K=2,6 
DO 1=1,4 
D1ST(4*K-4+I)=S(K)**2/(4*PI*VOLS(K) ) 
ENDDO 
ENDDO 
C Calculate the new radii of the model's compartments 
C 
DO 670 K=1,24 
SELECT CASE (K) 
CASE (1) 
R(K)=(3*VOLUM(K)/(4*PI) )**0.3333333 
CASE(2:4) 
R(K)=((3*VOLUM(K)/(4*PI) )+R(K-1)**3)**0.3333333 
CASE(5,9,13,17,21) 
R(K)=SQRT(VOLUM(K)/(PI*DIST(K))) 
CASE DEFAULT 
R(K)=SQRT(VOLUM(K)/(PI*DIST(K))+R(K-l)**2) 
END SELECT 
670 CONTINUE 
C 
C Calculate the new basal, metabolic heat production, 
C evaporation and blood flow 
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C 
C 
BMRNEW=O.O 
TBMR=O.O 
DO K=1,24 
BMRNEW=BMRNEW+QB(K)*VOLUM(K)/VOL(K) 
TBMR=TBMR+QB (K) 
ENDDO 
DO K=1,24 
QBOLD (K) =QB (K) 
QB (K) = (SAD/SA) *TBI1R*QB (K) *VOLUM (K) / (VOL(K) *BMRNEW) 
ENDDO 
C Increase basal flow of blood to the skin compartments in proportion 
C to the change in the model's surface area 
C 
C 
DO K=1,24 
SELECT CASE(K) 
CASE(4,8,12,16,20,24) 
BFB(K)=BFB(K)*SAD/SA 
CASE DEFAULT 
BFB (K) =BFB (K) *QB (K) /QBOLD (K) 
END SELECT 
ENDDO 
DO K=1,24 
EB(K)=EB(K)*SAD/SA 
ENDDO 
C Calculate the change in the convective heat transfer coefficient 
C for each body segment with change in its diameter 
C 
DO K=1,6 
HCB(K)=HCB(K)*(2*ROLD(4*K))**0.S/(2*R(4*K) )**0.5 
ENDDO 
107 CONTINUE 
C 
SA=SAD 
TWGT=MASS 
ENDIF 
C Calculate the heat capacities of the model's compartments 
C and the total heat capacity of the model 
C 
THCAP=O 
N=26 
DO 103 K=1,25 
SELECT CASE (K) 
CASE(l) 
C(K)=VOLUM(K)*SH(K)*DEN(K) 
N=N+l 
CASE (2:4) 
C(K)=SH(K)*DEN(K)*VOLUM(K) 
CASE(S) 
C(K)=(VOLUM(K)-R(25))*SH(K)*DEN(K) 
N=N+1 
CASE(9,13,l7,2l) 
C(Ki=VOLUH(K)*SH(K)*DEN(K) 
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/ 
N=N+l 
CASE(25) 
C(K)=SH(K)*DEN(K)*R(K) 
CASE DEFAULT 
C(K)=VOLUM(K)*SH(K)*DEN(K) 
END SELECT 
THCAP=THCAP+C(K) 
103 CONTINUE 
C 
C Calculate the total heat capacity of the skin for the 
C evaluation of the mean skin temperature 
C 
HCAP=O.O 
DO 105 K=1,6 
HCAP=HCAP+C(4*K) 
105 CONTINUE 
C 
C Calculate thermal conductancies. If the conductance is skin to 
C air, set it zero. Each case statement shares a common algorithm. 
C 
DO 115 K=1,24 
SELECT CASE (K) 
CASE (1) 
RCM(K)=(R(K)**3/2)**0.33333333 
RCM(K+l)=«R(K)**3+R(K+l)**3)/2)**0.33333333 
RMP(K)=(R(K)+RCM(K»/2 
RMP(K+l)=(RCM(K+l)+R(K»/2 
AMP(K)=4*PI*RMP(K)**2 
AMP(K+l)=4*PI*RMP(K+l) **2 
CASE(2,3) 
RCM(K)=«R(K-l)**3+R(K)**3)/2)**0.333333333 
RCM(K+l)=«R(K)**3+R(K+l)**3)/2)**0.333333333 
ru1P(K)=(R(K)+RCM(K»/2 
RMP(K+1)=(RCM(K+l)+R(K»/2 
AMP(K)=4*PI*RMP(K)**2 
AMP(K+l)=4*PI*RMP(K+l)**2 
CASE(4,B,12,16,20,24) 
TC(K)=O 
GOTO 115 
CASE (5, 9, 13, 17,21) 
RCM(K)=(R(K)**2/2)**0.5 
RCM(K+1)=«R(K+l)**2+R(K)**2)/2)**0.5 
RMP(K)=(R(K)+RCM(K»/2 
RMP(K+l)=(RCM(K+l)+R(K) )/2 
AMP(K)=2*PI*RMP(K)*DIST(K) 
AMP(K+l)=2*PI*RMP(K+1)*DIST(K+1) 
CASE DEFAULT 
RCM(K)=«R(K)**2+R(K-l)**2)/2)**0.5 
RCM(K+l)=«R(K+l)**2+R(K)**2)/2)**0.5 
RMP(K)=(R(K)+RCI1(K»/2 
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RMP(K+l)=(RCM(K+l)+R(K»/2 
AMP(K)=2*PI*RMP(K)*DIST(K) 
AMP(K+l)=2*PI*RMP(K+l)*DIST(K+l) 
END SELECT 
DX(K)=R(K)-RCM(K) 
DX(K+l)=RCM(K+l)-R(K) 
DTC(K)=AMP(K)*CON(K)/DX(K) 
DTC(K+l)=AMP(K+l)*CON(K+l)/DX(K+l) 
TC(K)=(DTC(K)*DTC(K+l»/(DTC(K)+DTC(K+l» 
115 CONTINUE 
RETURN 
END 
C 
C Subroutine evaluating physiological changes in the model with heat 
C acclimation 
C 
SUBROUTINE ACCLIMATION 
C 
C Define variables for acclimated model 
C 
C 
DIMENSION QB(24),EB(24),BFB(24),HCB(6),ARAD(6) 
DIMENSION TSET(25),T(25) 
DIMENSION SKINR(6),SKINS(6),SKINV(6),SKINC(6),WORKM(6,5),VO(5), 
XCHILM(6),XCLOS(6),X~"CLS(6),XIMS(6) 
DIMENSION EXTRACT(6),BEXTRACT(6) 
REAL TA,TR,VEFF,RH,XCLOS,XFACLS,WORK,WK,TTIME,XIMS 
INTEGER ADAYS,HDAYS,SINCE,DADAYS,ITIME,MTIME,EXERCISE 
COMMON/ACCL/ADAYS,HDAYS,SINCE 
COMMON/BASAL/QB,EB,BFB,HCB,ARAD 
COMMON/TEMP/TSET,T 
COMMON/CONTROL/CSW,SSW,PSW,CDIL,SDIL,PDIL,CCON,SCON,PCON, 
XCCHIL,SCHIL,PCHIL,BULL,SKINR,SKINS,SKINV,SKINC,WORKM,CHILM, 
XEXERCISE, VO 
COMMON/ENVIROM/TA,TR,VEFF,RH,XCLOS,XFACLS,XIMS,WORK,WK,ITIME, 
+TTIME,MTIME,KTIME,JTIME,RTIME,WORKI 
COMMON/EXT/EXTRACT,EXTB,BEXTRACT 
C Set enviromental, clothing, and exercise state to thermally 
C neutral conditions 
C 
TA=28.8 
TR=28.8 
VEFF=O.l 
RH=O.3 
XCLOS=1.0E-35 
XFACLS=1.0 
XIMS=O.5 
WORK=O.O 
WK=O.O 
ITIME=1200 
TTIME=20 
MTIME=O.O 
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C 
EXTB=O.O 
DO J=1,6 
EXTRACT(J)=O.O 
ENDDO 
C SET OUTPUT TIMER AND DETERMINE TOTAL EXPOSURE TIME 
C 
C 
KTIME=MTIME 
KTIME=KTIME+ITIME 
JTIME=JTIME+TTIME*60. 
C Set controller constants to zero inorder to run model with no 
C thermoregulatory control 
C 
C 
CSW=O.O 
SSW=O.O 
PSW=O.O 
CDIL=O.O 
SDIL=O.O 
PDIL=O.O 
CCON=O.O 
SCON=O.O 
PCON=O.O 
CCHIL=O.O 
SCHIL=O.O 
PCHIL=O.O 
C CORRECT THE BASAL METABOLIC RATE AND BASAL BLOOD FLOW TO ALLOW 
C FOR THE CHANGE DUE TO HEAT ACCLIMATION 
C 
C 
IF(ADAYS.GT.11)DADAYS=14 
DADAYS=ADAYS 
C Evaluate the change in basal metabolic heat production 
C 
C 
DO 1=1,24 
QB(I)=QB(I)*(O.96+0.04*exp(-O.3*DADAYS)) 
ENDDO 
C Evaluate the change in basal blood flow 
C 
C 
DO !=1,6 
BFB(4*I)=BFB(4*I)*(1.1-0.1*exp(-O.3*DADAYS)) 
ENDDO 
C Calculate steady-state compartment temperatures of the model 
C 
CALL SOLVER 
c 
C Reset the set point temperatures of the model to the steady 
C state compartment temperatures 
C 
C 
C Alter the coefficients that control the sweating and vasodilation 
C rates in the regulatory loop. Rates of increase are assumed to be 
C exponential. 
C 
CSW=595-223*(exp(-O.3*adays)) 
SSW=53.92-20.22*(exp(-O.3*adays)) 
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C 
CDIL=190-54*(exp(-O.3*adays)) 
SDIL=12.46-3.56*(exp(-O.3*adays)) 
C Reset controller constants to their original values with exception 
C to those altered above 
C 
C 
PSW=O.O 
PDIL=O.O 
CCON=10.8 
SCON=10.8 
PCON=O.O 
CCHIL=13.0 
SCHIL=O.04 
PCHIL=1.0 
CONTINUE 
RETURN 
END 
C Subroutine that enables backward modelling 
C 
C 
SUBROUTINE BACKWARD 
DIMENSION TSET(25),T(25),S(6),C(25),TC(24) 
DIMENSION QB(24),EB(24),BFB(24),HCB(6),ARAD(6) 
DIMENSION XCLOS(6),XFACLS(6),XIMS(6) 
DIMENSION EXTRACT(6),BEXTRACT(6) 
REAL TA,TR,V,RH,XCLOS,XFACLS,XIMS,WORK,WK,TTIME,CLO,FACL,IM 
REAL TT(3),VALUES(9),P(3),MIN,MAX,BACKT,WORKM(6,S), 
XVO(S) ,CHILM(6) 
REAL SKINR(6),SKINS(6),SKINV(6),SKINC(6),MCSA 
INTEGER ITIME,SESSIONS,FINISH,EXERCISE 
CHARACTER*1 MINMAX 
COMMON/BASAL/QB,EB,BFB,HCB,ARAD 
COMMON/TEMP/TSET,T 
COMMON/ENVIROM/TA,TR,VEFF,RH,XCLOS,XFACLS,XIMS,WORK,WK,ITIME, 
+TTIME,MTIME,KTIME,JTIME,RTIME,WORKI 
COMMON/OPTIMISE/IFLAG,TTEMP,BACKT,VALUES, BACKO, MI NMAX , 
XFINISH 
COMMON/BODY/SA,S,C,THCAP, HCAP,TC,TWGT,TWGHT,TSA,WGTLEAN,W GTLENN 
COMMON/EXT/EXTRACT,EXTB,BEXTRACT 
COMMON/CONTROL/CSW,SSW,PSW,CDIL,SDIL,PDIL,CCON,SCON,PCON, 
XCCHIL,SCHIL,PCHIL,BULL,SKINR,SKINS, SKINV, SKINC,WORKM,C HILM, 
XEXERCISE,VO 
C Set conditions prior to the start of the backward modelling 
C 
C 
TT=O 
P=O 
IB=1 
FINISH=O 
C Read user-input data from data file (USEIN25E.DAT) 
C 
3000 CONTINUE 
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T=TSET 
MIN=T(5) 
MAX=T(5) 
MTIME=O 
JTIME=O 
RTIME=O 
REWIND 12 
READ(12,*) 
READ(12,*) 
READ(12,20)SESSIONS 
20 FORMAT (IX, 12) 
DO 2000 I=l,SESSIONS 
READ (12,30) OPTA, ECODEA, TA, TR, V, VD, VACT, RH, CLO, FACL, IM, WORK, WK, 
+ITIME,TTIME,EXERCISE,EXTRACT,EXTT,BEXTRACT,EXTB 
30 FORMAT (lX,Al, 3XA8, 11(3X, F7. 3) ,3XI2, 3XF7. 3, 3XI2, 
X6(3X,F7.2),3XF8.2,6(3X,F7.2),3XF8.2) 
C 
C Calculate surface area over which cooling is occuring over the 
C model 
C 
MCSA=O. ° 
DO K=1,6 
MCSA=MCSA+BEXTRACT(K)*S(K) 
ENDDO 
C 
C Calculate absolute heat extracti0n over the area over which 
C micro-climate cooling is occur:ing 
C 
EXTB=EXTB*MCSA 
C 
C Estimate new value of thermal stress 
C 
IF((IB.GE.2) .AND. (OPTA.EQ. '0') ) THEN 
IF(IB.EQ.2)THEN 
GOTO (110,120,130,140,150,160,170,180,190)IFLAG 
110 P (1) =TA 
TA=VALUES(IFLAG) 
P(2)=TA 
GOTO 280 
120 P(l)=TR 
TR=VALUES(IFLAG) 
P(2)=TR 
GOTO 280 
130 P(l)=RH 
RH=VALUES(IFLAG) 
P(2)=RH 
GOTO 280 
140 P(l)=CLO 
CLO=VALUES(IFLAG) 
P(2)=CLO 
GOTO 280 
150 P(l)=IM 
IM=VALUES(IFLAG) 
P(2)=IM 
GOTO 280 
160 P{l)=WORK 
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WORK=VALUES(IFLAG) 
P (2) =WORK 
GOTO 280 
170 P(l)=TTIME 
TTIME=VALUES(IFLAG) 
P(2)=TTIME 
GOTO 280 
180 P(l)=V 
V=VALUES (IFLAG) 
P(2)=V 
GOTO 280 
190 P(l)=EXTB 
C 
EXTB=VALUES(IFLAG)*MCSA 
P (2) =EXTB 
GOTO 280 
ELSE 
C Calculate a new estimate of the backward modelled thermal stress 
C 
P(3)=O.5*(P(1)+P(2)) 
GOTO (210,220,230,240,250,260,270,275,278) I FLAG 
210 TA=P(3) 
GOTO 280 
220 TR=P(3) 
GOTO 280 
230 RH=P(3) 
GOTO 280 
240 CLO=P (3) 
GOT 0 280 
250 IM=P(3) 
GOTO 280 
260 WORK=P(3) 
GOTO 280 
270 TTIME=P(3) 
GOTO 280 
275 V=P(3) 
GOTO 280 
278 EXTB=P(3) 
GOTO 280 
280 ENDIF 
ENDIF 
C 
C SET OUTPUT TIMER AND DETERMINE TOTAL EXPOSURE TIME 
C 
C 
KTIME=MTIME 
KTIME=KTIME+ITIME 
JTIME=JTIME+TTIME*60. 
C Convert total metabolic heat production and work accomplished into 
C Watts 
C 
C 
WORK=WORK*SA 
WK=WK*SA 
C Determine increased metabolic heat production in working muscles 
C above basal levels 
C 
BASEMET=O 
DO K=l,24 
A-IS 
C 
C 
BASEMET=BASEMET+QB(K) 
ENDDO 
WEFFM=l.-(WK/(WORK-BASEMET)) 
WORKI= (WORK-BASEMET) *WEFFM 
IF (WORK. LE. BASEMET)WORKI=O. 
C Set arrays on clothing properties equal to values read from 
C input data file (USEIN25E.DAT) for use by the solver 
C 
C 
XCLOS=CLO 
XFACLS=FACL 
XIMS=IM 
C Solve transient temperature response, water loss and heat 
C exhaustion casualties 
C 
C If heat extraction is being optirnised generate the heat removal 
C from each segment 
C 
C 
IF ( (H·LAG. EQ. 9) .AND. (OPTA. EQ. '0')) THEN 
DO J=1,6 
EXTRACT(J)=EXTRACT(J) +(EXTB*S(J) *BEXTRACT(J)/MCSA) 
ENDDO 
ENDIF 
C Determine effective air speed 
C 
VEFF=VO(EXERCISE)+V+VD+VACT 
C 
C Calculate thermal strain for estimated value of backward modelled 
C thermal stress 
C 
300 CALL SOLVER 
C 
C Determine the maximum trunk core temperature response for the whole 
C simulation 
C 
IF(T(5) .GT.MAX)MAX=T(5) 
IF(T(5) .LT.MIN)MIN=T(5) 
IF(MTIME.LT.JTIME) GOT0300 
2000 CONTINUE 
C 
C FIX CORE TEMPERATURES FOR INITAL GUESSES 
C 
IF( (MINMAX. EQ. 'H' ) . OR. (MINMAX. EQ. 'h' ) ) THEN 
IF(IB. LE. 2) THEN 
TT (IB) =MAX 
ELSE 
TT (3)=MAX 
ENDIF 
ELSE 
IF (lB. LE. 2) THEN 
TT(IB)=MIN 
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c 
ELSE 
TT(3)=MIN 
ENDIF 
ENDIF 
C Check if it is possible to optimise the thermal stress 
C 
c 
IF (lB. EQ. 2) THEN 
IF«TTEMP.LT.TT(I)) .AND. (TTEMP.LT.TT(2)))THEN 
IF(TT(I) .LT.TT(2))THEN 
FINISH=1 
ELSE 
FINISH=2 
ENDIF 
GOT03500 
ENDIF 
IF«TTEMP.GT.TT(I)) .AND. (TTEMP.GT.TT(2)))THEN 
IF(TT(2).GT.TT(I))THEN 
FINISH=2 
ELSE 
FINISH=1 
ENDIF 
GOTO 3500 
ENDIF 
ENDIF 
C Search in the correct direction. Clarify if there is a positive or 
C negative relationship between the thermal stress and body core 
C temperature. 
C 
c 
IF(IB.GT.2) THEN 
IF(TT(I) .LT.TT(2))THEN 
IF (TT (3) . LT. TTEMP) THEN 
P(I)=P(3) 
TT(I)=TT(3) 
ELSE 
P(2)=P(3) 
TT(2)=TT(3) 
ENDIF 
ELSE 
IF(TT(3).LT.TTEMP)THEN 
P(2)=P(3) 
TT(2)=TT(3) 
EJ,SE 
P (I) =P (3) 
TT(I)=TT(3) 
ENDIF 
ENDIF 
ENDIF 
C Determine if it is possible to stop backward modelling 
c 
c 
IF«IB.GE.2) .AND. (ABS(P(I)-P(2)) .LT.O.OOI) ) GOT03500 
1B=IB+1 
GOTO 3000 
C Decide on best approximation of estimated thermal stress 
C 
3500 IF«ABS(TT(I)-TTEMP)) .LT. (ABS(TT(2)-TTEMP)))THEN 
BACKT=TT{l) 
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c 
BACKO=P (1) 
ELSE 
BACKT=TT(2) 
BACKO=P(2) 
ENDIF 
T=TSET 
RETURN 
END 
·c Subroutine accessing the user-input data in preperation for 
C simulating the thermal response 
C 
C 
SUBROUTINE SIMULATION 
DIMENSION S(6),C(25),TC(24) 
DIMENSION TSET(25),T(25),XCLOS(6),XFACLS(6),XIMS(6) 
DIMENSION QB(24) ,EB(24),BFB(24),HCB(6) ,ARAD(6) 
DIMENSION SKINR(6),SKINS(6),SKINV(6),SKINC(6),WORKM(6,5),VO(5), 
+CHILM(6) 
DIMENSION EMAX(6),DRY(6),BF(24),E(24),Q(24),HF(25) 
DIMENSION F(25),VALUES(9),CLOD(lOO),FCL(lOO),PERM(lOO), 
XBODS(6,lOO) 
DIMENSION MAXVAL(16),MINVAL(16) 
DIMENSION EXTRACT(6),BEXTRACT(6) 
REAL TA,TR,V,RH,XCLOS,XFACLS,XIMS,WORK,WK,TTIME,MR,INMOIS, 
XMAXVAL,MINVAL,PERCENT,BACKT,CLO,FACL,IM,MCSA 
INTEGER ITIME,SESSIONS,EOVERP,DIVISIONS,FINISH,GAR,EXERCISE 
CHARACTER*l ~!INMAX 
CHARACTER*8 ECODEA 
COMMON/BODY/SA,S,C,THCAP,HCAP,TC,TWGT,TWGHT,TSA,WGTLEAN,WGTLENN 
COMMON/BASAL/QB,EB,BFB,HCB,ARAD 
COMMON/TEMP/TSET,T 
COMMON/CONTROL/CSW,SSW,PSW,CDIL,SDIL,PDIL,CCON,SCON,PCON, 
XCCHIL,SCHIL,PCHIL,BULL,SKINR,SKINS,SKINV,SKINC,WORKM,CHILM, 
XEXERCISE,VO 
COMMON/ENVIROM/TA,TR,VEFF,RH,XCLOS,XFACLS,XIMS,WORK,WK,ITIME, 
+TTIME,MTIME,KTIME,JTIME,RTIME,WORKI 
COMMON/SIMSOL/EMAX,DRY,Bf,E,Q,HF 
COMMON/WATER/INMOIS,TSWEAT,RESPML,TEVAPS,CLOTHW, EOVERP 
COMMON/HEATEX/PERCENT 
COMMON/OPTIMISE/lfLAG,BACKT,TTEMP,VALUES, BACKO, MI NMAX , 
XFINISH 
COMMON/INMXMN/MAXVAL,MINVAL 
COMMON/CLOTH/GAR,CLOD,FCL,PERM,BODS 
COMMON/EXT/EXTRACT, EXTB, BEXTRACT 
C Set the tolerance Limes and probits equal to zero for the 
C beggining of a new exposure 
C 
PROBIT=O 
PERCENT=O 
LCAS=O 
NCAS=O 
A-IS 
HCAS=O 
C 
C Set variable SPEC to 0 for re-writting USEINPUT.DAT file 
C 
SPEC=O.O 
C 
C SET F(N) TO ZERO 
C 
DO 10 N=1,25 
F(N)=O. 
10 CONTINUE 
C 
C Read user-input data from data file (USEIN25E.DAT) 
C 
REWIND 12 
DO J=1,2 
READ (12, *) 
ENDDO 
READ(12,20)SESSIONS 
20 FOR>'lAT (lX, 12) 
DO 2000 I=l,SESSIONS 
READ (12,30) OPTA, ECODEA, TA, TR, V, VD, VACT, RH, CLO, FACL, nI, WORK, WK, 
+ITIME,TTIME,EXERCISE,EXTRACT,EXTT,BEXTRACT,EXTB 
30 FORMAT(lX,Al,3XA8,1l(3X,F7.3),3XI2,3XF7.3,3XI2, 
+6(3X,F7.2),3XF8.2,6(3X,F7.2),3XF8.2) 
C Calculate the effective air speed 
VEFF=VO(EXERCISE)+V+VD+VACT 
C 
C If backward model has been used previously He need to run 
C SUBROUTINE SIMULATION with backl<ard heat stress variable evaluated 
C in SUBROUTINE BACKWARD 
C 
210 
220 
230 
240 
250 
260 
270 
275 
278 
* 
* 
IF( (IFL.Z<G.GT.O) .AND. (IFLAG.LE.9) .AND. (OPTA.EQ. '0') ) THEN 
GOTO (2l0,220,230,240,250,260,270,275,278)IFLAG 
TA=BACKO 
GOTO 280 
TR=B.Z<CKO 
GOTO 280 
RH=BACKO 
GOTO 280 
CLO=BACKO 
GOTO 280 
IM=BACKO 
GOTO 280 
WORK=BACKO 
GOTO 280 
TTIME=BACKO 
GOTO 280 
V=BACKO 
GOTO 280 
EXTB=BACKO 
Calculating the micro-climate garment's skin contact area 
MCSA=O.O 
DO K=1,6 
MCSA=MCSA+BEXTRACT(K)*S(K) 
ENDDO 
Heat removal from each segment is now stored in EXTRACT 
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DO J=1,6 
* Changing bextract from %distribution to actual watts removed 
BEXTRACT(JI=BEXTRACT(JI*EXTB*S(JI/MCSA 
EXTRACT (JI=EXTRACT(JI +BEXTRACT(JI 
ENDDO 
GOTO 280 
280 ENDIF 
C 
C If clothing has been distributed over the modells segments then 
C this information needs to be read from data file 12 
C 
C 
IF(CLO.EQ.99ITHEN 
CALL CLOTHING 
C S~t arrays on clothing properties equal to values read from 
C input data file (USEIN25E.DAT) for use by SUBROUTINE SOLVER 
C 
C 
ELSE 
XCLOS=CLO 
XFACLS=FACL 
XIMS=IM 
ENDIF 
C Convert total metabolic heat production and work accomplished into 
C Watts 
C 
C 
WORK=W0RK*SA 
WK=WK*SA 
C Determine increased metabolic heat production in working muscles 
C 
C 
BASEMET=O 
DO K=1,24 
BASEMET=BASEMET+QB(K) 
ENDDO 
WEFFM=l.-(WK/(WORK-BASEMET)) 
WORKI=(WORK-BASEMET)*WEFFM 
IF(WORK.LE.BASEMET)WORKI=O. 
C Call subroutine INITIAL to set initial conditions for output data 
C file (MODOT25E.DAT) and MINVAL and MAXVAL arrays 
C 
IF(I.EQ.l)CALL INITIAL 
C 
C SET OUTPUT TIMER AND DETERMINE TOTAL EXPOSURE TIME 
C 
C 
KTIME=MTIME 
KTIME=KTIME+ITIME 
JTIME=ANINT(JTIME+TTIME*60.) 
C Solve transient temperature response, water loss and heat 
C exhaustion casualties 
C 
300 CALL SOLVER 
C 
C Prevent results from being output if specified time interval not 
C reached 
C 
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IF(MTIME.LT.KTIME)GOTO 2050 
C 
C Maintain the maximum percentage of heat exhaustion casualties 
C for the exposure 
C 
IF(PERCENT.GT.PERCMAX)PERCMAX=PERCENT 
C 
C PREPARE FOR OUTPUT 
C 
C 
CO=O. 
HP=O. 
EV=O. 
DRYT=O. 
ESK=O. 
PWET=O. 
TS=O. 
TB=O. 
HFLOW=O. 
SBF=O. 
DO aoo N=1,24 
C CARDIAC OUTPUT, CO 
C 
CO=CO+BF(N)/60. 
C 
C HEAT PRODUCTION, HP 
C 
HP=HP+Q(N) 
C 
C TOTAL INSENSIBLE HEAT LOSS, EV 
C 
EV=EV+E(N) 
aoo CONTINUE 
C 
C METABOLIC RATE, MR 
C 
MR=HP+WK 
C 
C ADD A CORRECTION TO TOTAL INSENSIBLE HEAT LOSS FOR ADDITIONAL 
C RESPIRATORY HEAT LOSSES DUE TO WORK 
C 
C 
EV=EV+O.oa*WORKI 
DO a02 N=1,6 
C TOTAL SENSIBLE HEAT LOSS, DRYT 
C 
DRYT=DRYT+DRYIN) 
C 
C INSENSIBLE HEAT LOSS FROM SKIN, ESK 
C 
ESK=ESK+EI4*N) 
C 
C SKIN WETTEDNESS, PWET 
C 
PWET=PWET+(E(4*N)/EMAX(N))*(S(N)/SA) 
C 
C SKIN BLOOD FLOW, SBF 
C 
SBF=SBF+BF(4*N)/60. 
C 
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C Use HCAP as heat capacity of skin changes with 
C anthropometry; MEAN SKIN TEMPERATURE, TS 
C 
TS=TS+T(4*N)*C(4*N)/HCAP 
802 CONTINUE 
DO 801 N=1,2S 
C 
C Use HeAP as heat capacity changes with anthropometry: 
C MEAN BODY TEMPERATURE, TB 
C 
TB=TB+T(N)*C(N)/THCAP 
C 
C TOTAL HEAT FLOW, HFLOW 
C 
HFLOW=HFLOW+HF(N) 
801 CONTINUE 
C 
C CONVERT FROM W TO W/M2 
C 
EV=EV/SA 
DRYT=DRYT/SA 
ESK=ESK/SA 
HP=HP/SA 
MR=MR/SA 
HFLOW=HFLOW/SA 
C 
C TISSUE CONDUCTANCE, COND 
C 
COND=(HP-(E(1)+E(S»/SA-HFLOW)/(T(25)-TS) 
C 
C Pass calculated information to output data files maintaining 
C that the initial conditions written to the data files in subroutine 
C INITIAL are preserved 
C 
WRITE(10,1000)MTIME,T(S),TS,T(16),T(24),PWET,MR,DRYT,EV,ESK 
WRITE(13,1000)MTIME,T(S),TS,T(16),T(24),PWET,MR,DRYT,EV,ESK 
WRITE(10,1200)MTIME,INMOIS,TSWEAT,RESPML,TEVAPS,CLOTHW,EOVERP 
WRITE(13,1200)MTIME,INMOIS,TSWEAT,RESPML,TEVAPS,CLOTHW,EOVERP 
WRITE(10,1300)MTIME,PERCMAX 
WRITE(13,1300)MTIME,PERCMAX 
1000 FORMAT(IS,SF8.2,lX,4F8.2) 
1200 FORMAT(7X,I4,lX,SF10.3,5X,I3) 
1300 FORMAT(7X,I4,lSX,F6.l) 
C 
C Determine MAX/MIN values for evaluated variables 
C 
IF (T(5) .GT.MAXVAL(l» MAXVAL(1)=T(5) 
IF (T(5) .LT.MINVAL(l» MINVAL(1)=T(5) 
IF (TS.GT.MAXVAL(2») MAXVAL(2)=TS 
IF (TS.LT.MINVAL(2») MINVAL(2)=TS 
IF (T(16) .GT.MAXVAL(3») MAXVAL(3)=T(16) 
IF (T(16) .LT.MINVAL(3) MINVAL(3)=T(16) 
IF (T(24) .GT.MAXVAL(4» MAXVAL(4)=T(24) 
IF (T(24) .LT.MINVAL(4» MINVAL(4)=T(24) 
IF (PWET.GT.MAXVAL(5)) MAXVAL(5)=PWET 
IF (PWET.LT.MINVAL(5» MINVAL(5)=PWET 
IF (MR.GT.MAXVAL(6») MAXVAL(6)=MR 
IF (MR.LT.MINVAL(6)) MINVAL(6)=MR 
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IF (DRYT.GT.MAXVAL(7)) MAXVAL(7)=DRYT 
IF (DRYT.LT.MINVAL(7)) MINVAL(7)=DRYT 
IF (EV.GT.MAXVAL(8)) MAXVAL (8) =EV 
IF (EV.LT.MINVAL(8)) MINVAL(8)=EV 
IF (ESK.GT.MAXVAL(9)) MAXVAL (9) =ESK 
IF (ESK.LT.MINVAL(9) ) MINVAL(9)=ESK 
IF (INMOIS.GT.MAXVAL(lO)) MAXVAL(lO)=INMOIS 
IF (INMOIS.LT.MINVAL(lO)) MINVAL(lO)=INMOIS 
IF (TSWEAT.GT.MAXVAL(ll)) MAXVAL (ll) =TSWEAT 
IF (TSWEAT.LT.MINVAL(ll)) MINVAL(ll)=TSWEAT 
IF (RESPML.GT.MAXVAL(l2) ) MAXVAL(l2)=RESPML 
IF (RESPML.LT.MINVAL(l2)) MINVAL (l2) =RESPML 
IF (TEVAPS.GT.MAXVAL(13)) MAXVAL(13)=TEVAPS 
IF (TEVAPS.LT.MINVAL(l3)) MINVAL (l3) =TEVAPS 
IF (CLOTHW.GT.MAXVAL(l4)) MAXVAL (14) =CLOTHW 
IF (CLOTHW.LT.MINVAL(14)) MINVAL(l4)=CLOTHW 
IF (EOVERP.GT.MAXVAL(l5)) MAXVAL(l5)=EOVERP 
IF (EOVERP.LT.MINVAL(l5)) MINVAL (l5) =EOVERP 
IF (PERCMAX.GT.MAXVAL(l6)) MAXVAL(l6)=PERCMAX 
IF (PERCMAX.LT.MINVAL(16)) MINVAL(l6)=PERCMAX 
DIVISIONS=DIVISIONS+l 
KTIME=KTIME+ITIME 
IF(MTIME.LT.JTIME)GOTO 300 
C 
C Re-write USEIN25E.DAT file if backwards modelling has been 
C performed introducing backward modelled thermal stress 
C 
2050 IF( (IFLAG.GT.O) .AND. (IFLAG.LE.9) )THEN 
WRITE(l5,34)OPTA,ECODEA,TA,TR,V,VD,VACT,RH,CLO,FACL,IM,WORK/SA, 
+WK/ SA, ITIME, TTIME, EXERCISE, EXTRP.CT, EXTT, BEXTRACT, EXTB 
34 FORMAT ( I " I , AI, ''', " I ,A8, III , , 2XF7 . 3, 10 (3XF7. 3) , 3Xr2 I 3XF7. 3, 3XI2, 
X6(3X,F7.2),3XF8.2,6(3X,F7.2),3XF8.2) 
SPEC=SPEC+l 
ENDIF 
2000 CONTINUE 
C 
COver-write USEINPUT.DAT file if backwards modelling has been used 
C 
IF( (IFLAG.GT.O) .AND. (IFLAG.LE.9) )THEN 
REWINDl5 
REWINDl2 
READ(l2,*) 
READ(l2,*) 
READ(l2,*) 
DO N=l,SPEC 
READ(15,45)OPTA,ECODEA,TA,TR,V,VD,VACT,RH,CLO,FACL,IM,WORK,WK, 
+ITIME,TTIME,EXERCISE,EXTRACT~EXTT,BEXTRACT,EXTB 
WRITE(l2,45)OPTA,ECODEA,TA,TR,V,VD,VACT,RH,CLO,FACL,IM,WORK,WK, 
+ITIME,TTIME,EXERCISE,EXTRACT,EXTT,BEXTRACT,EXTB 
45 FORMAT(lX,Al,3XA8,ll(3X,F7.3),3XI2,3XF7.3,3XI2, 
X6(3X,F7.2),3XF8.2,6(3X,F7.2),3XF8.2) 
ENDDO 
ENDIF 
WRITE(l4,2l00)DIVISIONS,SA,BASEMET/SA 
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2100 
2200 
C 
DO N=1,16 
WRITE(14,2200)MAXVAL(N),MINVAL(N) 
ENDDO 
FORMAT(I4,3X,2FB.3) 
FORMAT(FB.3,lX,FB.3) 
RETURN 
END 
C Subroutine that isolates the model's solver for use in seperate 
C subroutines. This subroutine evaluates the physiological and 
C temperature changes in the LUT25-node model for the designated 
C simnulation 
C 
C 
SUBROUTINE SOLVER 
DIMENSION S(6),C(25),TC(24),DIST(25),SH(25),DEN(25),CON(24) 
DIMENSION QB(24),EB(24),BFB(24),HCB(6),ARAD(6),R(25) 
DIMENSION TSET(25),T(25),XCLOS(6),XFACLS(6),XIMS(6),SKINT(6) 
DIMENSION SKINR(6),SKINS(6),SKINV(6),SKINC(6),WORKM(6,5),VO(5), 
XCHILM(6),CCHF(24) 
DIMENSION HC(6),TCL(6),HR(6),ERROR(25),RATE(25),WARM(25), 
XCOLD(25),Q(24),BF(24),E(24),LR(6),RT(6),EMAX(6), 
XDRY(6),BC(24),TD(24),HF(25),F(25),TSURF(6),SAVET(25),SAVESP(25) 
DIMENSION PROBITS(10,11) ,TCLIM(6) ,HRIM(6) ,LRIM(6) ,ITIM(6), 
XIECL (6) 
DIMENSION EXTRACT(6),BEXTRACT(6),RCM(24),DTDR(24) ,DT2DR2(24) 
REAL LR,LRIM,IECL,ITIM,INMOIS,PERCENT,MASS,HEIGHT,FAT,WGTLEAN, 
XWGTLENN,CCHF 
INTEGER EOVERP,EXERCISE,ITIME,ADAYS,HDAYS,SINCE 
CHARACTER*l LET,IND 
COMMON/BODY/SA,S,C,THCAP,HCAP,TC,TWGT,TWGHT,TSA,WGTLEAN,WGTLENN 
COMMON/BASAL/QB,EB,BFB,HCB,ARAD 
COMMON/TEMP/TSET,T 
COMMON/CONTROL/CSW, SSW, PSW,CDIL,SDIL,PDIL,CCON,SCON,PCO N, 
XCCHIL,SCHIL,PCHIL,BULL,SKINR,SKINS,SKINV,SKINC,WORKM,CHILM, 
XEXERCISE,VO 
COMMON/ENVIROM/TA,TR,VEFF,RH,XCLOS,XFACLS,XIMS,WORK,WK,ITIME, 
+TTIME,MTIME,KTIME,JTIME,RTIME,WORKI 
COMMON/SIMSOL/EMAX,DRY,BF,E,Q,HF 
COMMON/CASUAL/PROBITS,CCHF 
COMMON/WATER/INMOIS,TSWEAT,RESPML,TEVAPS,CLOTHW, EOVERP 
COMMON/HEATEX/PERCENT 
COMMON/EXT/EXTRACT,EXTB,BEXTRACT 
COMMON/SIZE/LET,MASS,HEIGHT,FAT,IND 
COMMON/ACCL/ADAYS,HDAYS,SINCE 
COMMON/DIMPROP/R,DIST,SH,DEN,CON 
COMMON/SOLRAD/RCM 
C If model is nude set CLO to 1.0E-8 to prevent division by zero 
C 
DO 1=1,6 
IF(XCLOS(I) .EQ.0.)XCLOS(I)=1.0E-B 
C 
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C If im is equal to zero set to 1.OE-8 to prevent division by zero 
C 
IF(XIMS(I) .EQ.0.)XIMS(I)=1.0E-8 
ENDDO 
C 
C CALCULATE CLOTHING AND ENVIROMENTAL HEAT TRANSFER COEFFICIENTS 
C 
C RESISTANCE OF CLOTHING TO THE TRANSFER OF WATER VAPOUR: 
C Ieel CALCULATED FROM Im, HASLAM AND PARSONS (1987). HEAT TRANSFER 
C COEFFICIENTS ARE THOSE ESTIMATED TO HAVE PREVAILED WHEN Im WAS 
C MEASURED, ie. Ta = Tr = 24 C, V = 0.1 m/s, Tsk = 33 C, la = 0.71 
C elo 
C 
C 
TAIM=24.0 
TRIM=24.0 
TSKIM=33.0 
C HCIM CALCULATED BY SUBTRACTING HRIM (NUDE) FROM la 
C 
HCIM=4.52 
C 
C CALCULATE HRIM AND TCLIM 
C 
C ITERATIVE LOOP TO MEAN CALCULATE CLOTHING TEMPERATURE (TCLIM) 
C AND MEAN LINEAR RADIATION COEFFICIENT (HRIM) 
C 
DO 1=1,6 
TCLIM(I)=O.O 
150 TCLOLD=TCLIM(1) 
HRIM(I)=4.*5.67E-8*(((TCLIM(I)+TRIM)/2.+273.2)**3)*0,725 
TCL1M(I)=((1./(XCLOS(I)*0.155))*TSKIM+XFACLS(I)*(HCIM*TA1M+ 
XHRIM(I)*TRIM))/((1./(XCLOS(I)*0.155) )+XFACLS(I)*(HCIM+HRIM(I»)) 
IF(ABS(TCLIM(I)-TCLOLD) .GT.0.01)GOTO 150 
C 
C CALCULATE LRIM AT TCLIM 
C 
LRIM(I)=15.1512*(TCLIM(I)+273.15)/273.15 
C 
C CALCULATE ITIM (m2.C/W) 
C 
ITIM(I)=XCLOS(I)*0.155+1./((HCIM+HRIM(I))*XFACLS(I)) 
C 
C CALCULATE Ieel (m2.kPa/W) 
C 
IECL (I) =ITIM(I) / (LRIM (I) *XIMS (I) ) -1. / (XFACLS (I) *LRIM(I) *HCIM) 
ENDDO 
C 
C CALCULATE CONVECTIVE HEAT TRANSFER COEFFICIENT, HC(I), 
C STOLWIJK AND HARDY (1977) 
C 
DO 202 1=1,6 
HC(I)=3.16*HCB(I)*VEFF**0.5 
202 CONTINUE 
C 
C Set set-point skin temperatures for skin surface temperature 
C 
TSURF(1)=34.432450 
TSURF(2)=33.456860 
TSURF(3)=33.069910 
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C 
C 
TSURF(4)=34.280250 
TSURF(5)=33.718390 
TSURF(6)=34.242300 
SKINT=TSURF 
C START OF REGULATORY LOOP 
C 
300 CONTINUE 
C 
C Check to make sure that incremented time has not surpassed 
C total exposure time 
C 
IF(MTIME.GE.JTIME)GOTO 701 
C 
C CALCULATE RADIANT HEAT TRANSFER COEFFICIENT, HR(I), STOLWIJK AND 
C HARDY (1977) AND CLOTHING SURFACE TEMPERATURE, TCL(I) 
C 
DO 225 1=1,6 
TCL(I)=O. 
250 TCLOLD=TCL(I) 
HR(I)=4.*5.67E-8*(((TCL(I)+TR)/2.+273.2)**3.)*ARAD(I) 
TCL(I)=((1./(XCLOS(I)*0.155»*SKINT(I)+XFACLS(I)*(HC(I)*TA+ 
XHR (I) *TR) ) / ( (1. / (XCLOS (I) *0.155) ) +XFACLS (I) * (HC (I) +HR (I) ) ) 
IF(ABS(TCL(I)-TCLOLD) .GT.0.01)GOTO 250 
225 CONTINUE 
C 
C ESTABLISH THERMORECEPTOR OUTPUT 
C 
C NO VALUES ARE GIVEN BY STOLWIJK AND HARDY FOR RATE(N) 
C THEREFORE THIS PARAMETER HAS BEEN SET TO ZERO 
C 
SAVET=T 
·SAVESP=TSET 
DO K=1,6 
N=4*K 
T(N)=SKINT(K) 
TSET(N)=TSURF(K) 
ENDDO 
DO 302 N=1,25 
ERROR(N)=O. 
RATE (N) =0. 
WARM(N)=O. 
COLD (N) =0. 
ERROR(N)=T(N)-TSET(N)+RATE(N)*F(N) 
IF(ERROR(N) .LT.O.)COLD(N)=-ERROR(N) 
IF(ERROR(N) .GT.O.)WARM(N)=ERROR(N) 
302 CONTINUE 
C 
T=SAVET 
SAVESP=TSET 
C INTEGRATE PERIPHERAL AFFERENTS 
C 
WARMS=O. 
COLDS=O. 
DO 305 1=1,6 
K=4*I 
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WARMS=WARMS+WARM(K)*SKINR(I) 
COLDS=COLDS+COLD(K)*SKINR(I) 
305 CONTINUE 
C 
C DETERMINE EFFERENT OUTFLOW 
C 
C 
SWEAT=CSW*ERROR(l)+SSW*(WARMS-COLDS)+PSW*ERROR(l) * (WARMS-CO LDS) 
DILAT=CDIL*ERROR(l)+SDIL*(WARMS-COLDS)+PDIL*WARM(l)*WARMS 
STRIC=-CCON*ERROR(l)-SCON*(WARMS-COLDS)+PCON*COLD(l)*COLDS 
CHILL=(CCHIL*ERROR(l)+SCHIL*(WARMS-COLDS) )*PCHIL*(WARMS-COLDS) 
IF(SWEAT.LE.O.)SWEAT=O. 
IF(DILAT.LE.O.)DILAT=O. 
IF(STRIC.LE.O.)STRIC=O. 
IF(CHILL.LE.O.)CHILL=O. 
C Increase proportionaly the effector responses of the model to allow 
C for increases in the model's body size 
C 
C 
SWEAT=SWEAT*SA/TSA 
DILAT=DILAT*SA/TSA 
STRIC=STRIC 
CHILL=CHILL*WGTLENN/WGTLEAN 
C PREVENT CHILL FROM BECOMING POSITIVE IN HOT ENVIROMENTS 
C 
C 
C 
C 
C 
C 
C 
C 
C 
IF((WARMS-COLDS) .GT.O.)CHILL=O. 
Reset all moisture rates 
moisture rates over next 
SWEATR=O. 
EVAPS=O. 
ASSIGN EFFECTOR OUTPUT 
TOTSBF=O.O 
DO 401 1=1,6 
N=4*I-3 
Q(N)=QB(N) 
BF(N)=BFB(N) 
to zero for evaluation of new 
time increment 
E(N)=EB(N) 
Q(N+1)=QB(N+1)+WORKM(I,EXERCISE)*WORKI+CHILM(I)*CHILL 
E(N+1)=O. 
BF(N+1)=BFB(N+1)+Q(N+1)-QB(N+1) 
Q(N+2)=QB(N+2) 
E (N+2) =0. 
BF(N+2)=BFB(N+2)/(1.+SKINC(I)*STRIC) 
Q(N+3)=QB(N+3) 
E(N+3)=EB(N+3)+SKINS(I)*SWEAT*2.**((SKINT(I)-TSURF(I))/BULL) 
BF(N+3)=(BFB(N+3)+SKINV(I)*DILAT)/(1.+SKINC(I)*STRIC) 
C CALCULATE MAXIMUM EVAPORATIVE CAPACITY OF THE ENVIROMENT, EMAX(I) 
C USING THE RESISTANCE TO VAPOUR PERMEATION, RT. RT CALCULATED 
C ACCORDING 
C TO HASLAM AND PARSONS (1987) 
C 
LR(I)=15.1512*(TCL(I)+273.15)/273.15 
RT(I)=IECL(I)+l./(XFACLS(I)*LR(I)*HC(I)) 
EMAX(I)=((l./RT(I))*(SVP(SKINT(I))-RH*SVP(TA)))*S(I) 
C 
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C Calculate total sweat rate in watts from the skin 
C 
SWEATR=SWEATR+E(N+3) 
IF(E(N+3) .GT.EMAX(I))E{N+3)=EMAX(I) 
C 
C Calculate total evaporative rate from skin in watts 
C 
IF(E(N+3) .GT.O)THEN 
EVAPS=EVAPS+E(N+3) 
ENDIF 
401 CONTINUE 
C 
C CALCULATE DRY SKIN HEAT EXCHANGE WITH ENVIROMENT, DRY (I) 
C 
DO 450 1=1,6 
DRY(I)=(XFACLS(I)*(HC(I)*(TCL(I)-TA)+HR(I)*(TCL(I)-TR) ))*S(I) 
450 CONTINUE 
C 
C Calculate convective and conductive heat flows 
C 
DO 500 K=1,24 
BC(K)=CCHF(K)*BF(K)*(T(K)-T(25)) 
TD(K)=TC(K)*(T(K)-T(K+1)) 
500 CONTINUE 
C 
C Calculate total heat flow through model's body compartments 
C 
DO 501 1=1,6 
K=4*I-3 
HF(K)=Q(K)-E(K)-BC(K)-TD(K) 
HF{K+1)=Q{K+l)-BC{K+l)+TD(K)-TD(K+l) 
HF(K+2)=Q(K+2)-BC(K+2)+TD(K+l)-TD(K+2) 
HF(K+3)=Q(K+3)-BC(K+3)-E(K+3)+TD(K+2)-DRY(I)-EXTRACT(I) 
501 CONTINUE 
HF(25)=0. 
DO 502 K=1,24 
HF(25)=HF(25)+BC(K) 
502 CONTINUE 
C 
C SUBTRACT A CORRECTION FOR RESPIRATORY HEAT LOSSES FROM BLOOD HEAT 
C FLOW 
C 
HF(25)=HF(25)-0.08*WORKI 
C 
C DETERMINE OPTIMUM INTEGRATION STEP 
C 
NTIME=l 
DTIME=l. / 60. 
DO 600 K=1,25 
F(K)=HF(K)/C(K) 
U=ABS (F(K)) 
IF(U*DTIME.GT.0.1)DTIME=0.1/U 
600 CONTINUE 
C 
C CALCULATE NEW TEMPERATURES 
C 
DO 700 K=:1,25 
T(K)=T(K)+F(K)*DTIME 
700 CONTINUE 
A-28 
C 
C Calculate actual skin surface temperatures: 
C Evaluate rate of change of temperature with radius between 
C each adjacent tissue layer in the model 
C 
C 
DO 1=1,6 
K=4*1 
DTDR(K-2)=(T(K-1)-T(K-2))/(RCM(K-1)-RCM(K-2)) 
DTDR(K-1)=(T(K)-T(K-1))/(RCM(K)-RCM(K-1)) 
DT2DR2(K-1)=(DTDR(K-1)-DTDR(K-2))/(R(K-1)-R(K-2)) 
DTDR(K)=DTDR(K-1)+DT2DR2(K-1)*(R(K)-R(K-1)) 
SK1NT(1)=T(K)+DTDR(K)*(R(K)-RCM(K)) 
ENDDO 
C Calculate sweat rate from skin in lis and overall sweat 
C loss from the skin in litres (heat of vaporization of 
C water is 2430kJ/kg at 30C as taken from ASHRAE) 
C 
C 
SWEATR=SWEATR/2430000 
TSWEAT=TSWEAT+SWEATR*DT1ME*60*60 
C Calculate rate of evaporation from skin in lis and overall 
C evaporative moisture loss "from skin in litres 
C 
C 
EVAPS=EVAPS/2430000 
TEVAPS=TEVAPS+EVAPS*DT1ME*60*60 
C Calculate respiratory moisture loss rate in lis and total 
C respiratory moisture loss 
C 
C 
RESPR=(E(5)+0.08*WORKI)/2430000 
RESPML=RESPML+RESPR*DT1ME*60*60 
C Calculate accumulated moisture loss over time passed total 
C rate of moisture loss and accumulated moisture in clothing 
C 
C 
INM01S=INM01S+(RESPR+SWEATR)*DT1ME*60*60 
CLOTHW=CLOTHW+(SWEATR-EVAPS)*DTIME*60*60 
C Calculate E/P 
C 
EOVERP=AN1NT(((TEVAPS+RESPML)/1NM01S) *100) 
C 
C Determine the percentage heat casualties for current 
C body core temperature 
C 
C 
TCAS=LOG10(T(5)) 
PROBIT=-288.19+184.78*TCAS 
DO J=1,10 
DO 1=1,10 
1F(PROBITS(I,J) .LT.PROBIT.AND.PROBITS(1+1,J) .GT.PROBIT) 
XTHEN 
PERCENT=(J-1)*10+(1-1)+(PROBIT-PROB1TS(I,J) )/(PROB1TS 
X(I+1,J)-PROBITS(1,J)) 
IF (PERCENT.LT.1)PERCENT=0 
ENDIF 
ENDDO 
ENDDO 
C Set an upper limit on the trunk core temperature. All subjects 
A-29 
C 'collapse' from heat exhaustion before this level. Montain, Sawka 
C et al. 1994. USARIEM model also (single exposure max. temp. limit) 
C 
IF(T(5) .GT. 40) PERCENT=100. 0 
C 
C Note the time that light, moderate and high casualties occur 
C 
C 
IF(PERCENT.LT.5.5.AND.PERCENT.GT.4.5) LCAS=MTIME 
IF(PERCENT.LT.22.AND.PERCENT.GT.18)MCAS=MTIME 
IF(PERCENT.LT.55.AND.PERCENT.GT.45)HCAS=MTIME 
C INCREMENT TIMER 
C 
C 
RTIME=RTIME+DTIME 
MTIME=60. *RTIME 
C WHEN APPROPRIATE OUTPUT RESULTS 
C 
IF(MTH1E.GE.KTIME)GOTO 701 
GOTO 300 
701 CONTINUE 
C 
C 
RETURN 
END 
C Subroutine to initialise values for MAXMIN array 
C 
C 
C 
SUBROUTINE INITIAL 
DIMENSION S(6),C(25),TC(24) 
DIMENSION TSET(25),T(25),XCLOS(6),XFACLS(6),XIMS(6) 
DIMENSION SKINR(6),SKINS(6),SKINV(6),SKINC(6),WORKM(6,5),VO(5), 
XCHILM(6) 
DIMENSION QB(24),EB(24),BFB(24),HCB(6),ARAD(6) 
DIMENSION EMAX(6),DRY(6),E(24),Q(24) 
DIMENSION MAXVAL (16) ,MINVAL (16) 
DIMENSION HC(6),TCL(6),HR(6),LR(6),RT(6) 
DIMENSION TCLIM(6),HRIM(6),LRIM(6),ITIM(6),IECL(6) 
REAL TA,TR,VEFF,RH,WORK,WK,TTIME,MR,INMOIS,MAXVAL, 
XMINVAL 
REAL LR,LRIM,ITIM,IECL 
INTEGER EOVERP,EXERCISE 
COMMON/BODY/SA,S, C,THCAP, HCAP, TC,TWGT,TWGHT,TSA,WGTL&AN,W GTLENN 
COMMON/BASAL/QB,EB,BFB,HCB,ARAD 
COMMON/TEMP/TSET,T 
COMMON/CONTROL/CSW,SSW,PSW,CDIL,SDIL,PDIL,CCON,SCON,PCON, 
XCCHIL,SCHIL,PCHIL,BULL,SKINR,SKINS,SKINV,SKINC,WORKM,CHILM, 
XEXERCISE,VO 
COMMON/ENVIROM/TA,TR,VEFF,RH,XCLOS,XFACLS,XIMS,WORK,WK,ITIME, 
+TTIME,MTIME,KTIME,JTIME,RTIME,WORKI 
COMMON/WATER/INMOIS,TSWEAT,RESPML,TEVAPS,CLOTHW, EOVERP 
COMMON/INMXMN/MAXVAL,MINVAL 
C If nude set CLO to 1.0E-8 to prevent division by zero 
C 
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DO 1=1,6 
IF(XCLOS(I) .EQ.0.)XCLOS(I)=1.0E-8 
C 
C If im is equal to zero set to 1.0E-8 to prevent division by zero 
C 
IF(XIMS(6) .EQ.0.)XIMS(6)=1.0E-8 
ENDDO 
C 
C CALCULATE CLOTHING AND ENVIROMENTAL HEAT TRANSFER COEFFICIENTS 
C 
C RESISTANCE OF CLOTHING TO THE TRANSFER OF WATER VAPOUR: 
C Ieel CALCULATED FROM Im, HASLAM AND PARSONS (1987). HEAT TRANSFER 
C COEFFICIENTS ARE THOSE ESTIMATED TO HAVE PREVAILED WHEN Im WAS 
C MEASURED, ie. Ta = Tr = 24 C, V = 0.1 m/s, Tsk = 33 C, la = 0.71 
C elo 
C 
C 
TAIM=24.0 
TRIM=24.0 
TSKIM=33.0 
C HClM CALCULATED BY SUBTRACTING HRIM (NUDE) FROM la 
C 
HCIM=4.52 
C 
C CALCULATE HRlM AND TCLlM 
C 
C ITERATIVE LOOP TO MEAN CALCULATE CLOTHING TEMPERATURE (TCLIM) 
C AND MEAN LINEAR RADIATION COEFFICIENT (HRIM) 
C 
DO 1=1,6 
TCLIM(I)=O.O 
150 TCLOLD=TCLIM(I) 
HRIM(I)=4.*5.67E-8*(((TCLIM(I)+TRIM)/2.+273.2)**3)*0.725 
TCLIM(I)=((1./(XCLOS(I)*0.155))*TSKIM+XFACLS(I)*(HCIM*TAIM+ 
XHRIM(I)*TRIM))/((1./(XCLOS(I)*0.155) ) +XFACLS (I) * (HCIM+HRIM(I) )) 
IF(ABS(TCLIM(I)-TCLOLD) .GT.0.01)GOTO 150 
C 
C CALCULATE LRIM AT TCLIM 
C 
LRIM(I)=15.1512*(TCLIM(I)+273.15)/273.15 
C 
C CALCULATE ITIM (m2.C/W) 
C 
ITIM(I)=XCLOS(I)*0.155+1./((HCIM+HRIM(I))*XFACLS(I)) 
C 
C CALCULATE Ieel (m2.kPa/W) 
C 
IECL(I)=ITIM(I)/(LRIM(I)*XIMS(I))-l./(XFACLS(I)*LRIM(I)*HCIM) 
ENDDO 
C 
C CALCULATE CONVECTIVE HEAT TRANSFER COEFFICIENT, HC(I), 
C STOLWIJK AND HARDY (1977) 
C 
DO 202 1=1,6 
HC(I)=3.16*HCB(I)*VEFF**0.5 
202 CONTINUE 
C 
C CALCULATE RADIANT HEAT TRANSFER COEFFICIENT, HR(I), STOLWIJK AND 
C HARDY (1977) AND CLOTHING SURFACE TEMPERATURE, TCL(I) 
A-3J 
C 
DO 225 1=1,6 
TCL(I)=O. 
250 TCLOLD=TCL(I) 
HR(I)=4.*5.67E-8*«(TCL(I)+TR)/2.+273.2)**3.)*ARAD(I) 
TCL(I)=«1./(XCLOS(I)*0.155))*T(4*I)+XFACLS(I)*(HC(I)*TA+ 
XHR(I)*TR))/«1./(XCLOS(I)*0.155))+XFACLS(I)*(HC(I)+HR(I))) 
IF(ABS(TCL(I)-TCLOLD) .GT.0.01)GOTO 250 
225 CONTINUE 
C 
C ASSIGN EFFECTOR OUTPUT 
C 
DO 401 1=1,6 
N=4*I-3 
Q(N)=QB(N) 
E(N)=EB(N) 
Q(N+1)=QB(N+1)+WORKM(I,EXERCISE)*WORKI 
E (N+l) =0. 
C 
Q (N+2) =QB (N+2) 
E(N+2)=0. 
Q(N+3)=QB(N+3) 
E(N+3)=EB(N+3) 
C CALCULATE MAXIMUM EVAPORATIVE CAPACITY OF THE ENVIROMENT, EMAX(I) 
C USING THE RESISTANCE TO VAPOUR PERMEATION, RT. RT CALCULATED 
C ACCORDING 
C TO HASLAM AND PARSONS (1987) 
C 
LR(I)=15.1512*(TCL(I)+273.15)/273.15 
RT(I)=IECL(I)+l./(XFACLS(I)*LR(I)*HC(I)) 
EMAX(I)=«1./RT(I))*(SVP(T(N+3))-RH*SVP(TA) ))*S(I) 
IF(E(N+3) .GT.EMAX(I))E(N+3)=EMAX(I) 
401 CONTINUE 
C 
C CALCULATE DRY SKIN HEAT EXCHANGE WITH ENVIROMENT, DRY (I) 
C 
DO 450 1=1,6 
DRY(I)=(XFACLS(I)*(HC(I)*(TCL(I)-TA)+HR(I)*(TCL(I)-TR)))*S(I) 
4 5 0 CONTINUE 
C 
C Set calculated variables to zero 
C 
C 
HP=O. 
EV=O. 
DRYT=O. 
ESK=O. 
PWET=O. 
TS=O. 
DO 800 N=1,24 
C HEAT PRODUCTION, HP 
C 
HP=HP+Q(N) 
C 
C TOTAL INSENSIBLE HEAT LOSS, EV 
C 
EV=EV+E(N) 
800 CONTINUE 
C 
C METABOLIC RATE, MR 
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C 
MR=HP+WK 
C 
C ADD A CORRECTION TO TOTAL INSENSIBLE HEAT LOSS FOR ADDITIONAL 
C RESPIRATORY HEAT LOSSES DUE TO WORK 
C 
C 
EV=EV+0.08*WORKI 
DO 802 N=1,6 
C TOTAL SENSIBLE HEAT LOSS, DRYT 
C 
DRYT=DRYT+DRY(N) 
C 
C INSENSIBLE HEAT LOSS FROM SKIN, ESK 
C 
ESK=ESK+E(4*N) 
C 
C SKIN WETTEDNESS, PWET 
C 
PWET=PWET+ (E (4 *N) IEMAX (N) ) * (S (N) ISA) 
C 
C Calculate initial mean skin temperature 
C 
TS=TS+T(4*N)*C(4*N)/HCAP 
802 CONTINUE 
C 
C CONVERT FROM W TO W/M2 
C 
C 
EV=EV/sA 
DRYT=DRYT/SA 
ESK=ESK/sA 
MR=MRIsA 
C Set all total moisture loss values to zero for the 
C the beginning of a new exposure 
C 
C 
TSWEAT=O. 
TEVAPS=O. 
RESPML=O. 
INMOIS=O. 
CLOTHW=O. 
EOVERP=lOO. 
C INITIALIZE TIMERS 
C 
C 
MTIME=O 
JTIME=O 
RTIME=O 
C Initialise percentage of heat exhausted casualties 
C 
PERCMAX=O.O 
C 
C Write initial conditions to output data files 
C 
WRITE (10, 1l0)MTIME, T (5) ,TS, T (16), T (24) ,PI"IET,MR, DRYT, EV, ESK 
WRITE(13,110)MTIME,T(5),TS,T(16),T(24),PWET,MR,DRYT,EV,ESK 
WRITE(10,120)MTIME,INMOIS,TSl"lEAT,RESPML,TEVAPS,CLOTHW,EOVERP 
WRITE(13,120)MTIME,INMOIS,TSl"lEAT,RESPML,TEVAPS,CLOTHW,EOVERP 
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WRITE(10,130)MTIME,PERCMAX 
WRITE(13,130)MTIME,PERCMAX 
110 FORMAT(I5,5FB.2,lX,4FB.2) 
120 FORMAT(7X,I4,lX,5FIO.3,5X,I3) 
130 FORMAT(7X,I4,15X,F6.1) 
C 
C Set initial values of MAXVAL and MINVAL to inital conditions 
C 
C 
MAXVAL (1) =T (5) 
MINVAL(1)=T(5) 
MAXVAL (2) =TS 
MINVAL(2)=TS 
MAXVAL (3) =T (16) 
MINVAL (3) =T (16) 
MAXVAL (4) =T (24) 
MINVAL(4) =T (24) 
MAXVAL ( 5 ) = PWET 
MINVAL (5) =PWET 
MAXVAL ( 6) =MR 
MINVAL (6) =MR 
MAXVAL(7)=DRYT 
MINVAL (7) =DRYT 
MAXVAL (B ) =EV 
MINVAL(8)=EV 
MAXVAL (9) =ESK 
MINVAL (9) =ESK 
MAXVAL(lO)=INMOIS 
MINVAL(lO)=INMOIS 
MAXVAL(ll)=TSWEAT 
MINVAL(ll)=TSWEAT 
MAXVAL (12) =RESPML 
MINVAL(12) = RES PML 
MAXVP~(13)=TEVAPS 
MINVAL(13)=TEVAPS 
MAXVAL (14) =CLOTHvl 
MINVAL(14)=CLOTHW 
MAXVAL (15) =EOVERP 
MINVAL (15) =EOVERP 
MAXVAL(16)=PERCMAX 
MINVAL (16) =PERCMAX 
RETURN 
END 
C SUBROUTINE TO CALCULATE THE AMOUNT OF INSULATION COVERING EACH 
C INDIVIDUAL SEGMENT OF THE MODEL. The distributed clothing model 
C 
SUBROUTINE CLOTHING 
DIMENSION XCLOS(6),CLOD(100),FCL(lOO),PERM(lOO), 
XBODS(6,lOO),XFACLS(6),XIMS(6),S(6),C(25),TC(24),XIECL5(6), 
XCOUNT(6),FCLCOV(lOO) ,FABINS(lOO),XLRIM(6),VAPRES(100), 
XCOMPNEW(6) ,TOTFAB(6),THRES(6) ,DETECT(6),RESVAP(6) ,TOT VARE(6) , 
XTOTAIR(6),TOTVAP(6) ,FRACOV(6) ,BOD5BOT(6,lOO), 
XLOWBOD(6),HIGHBOD(6),FCLACT(6,lOO),TOTFCL(6) 
REAL CLOD,FCL,PERM,BODS,IN5AIR,FCLCOV,FABINS,BODSBOT, 
XLRIM,ITIM,IETIM,IEAIM,IECT,LOWBOD,HIGHBOD,FCLACT,TOTFCL 
A-34 
C 
INTEGER GAR,DETECT 
COMMON/BODY/SA,S,C,THCAP, HCAP, TC, TWGT,TWGHT,TSA,WGTLEAN,WGT LENN 
COMMON/ENVIROM/TA,TR,VEFF,RH,XCLOS,XFACLS,XIMS,WORK,WK,ITIME, 
+TTIME,MTIME,KTIME,JTIME,RTIME,WORKI 
COMMON/CLOTH/GAR,CLOD,FCL,PERM,BODS 
C Read clothing insulation from user input data file 
C 
COUNT;O 
XCLOS~O.O 
XFACLS;O.O 
XIECLS;O.O 
XLRIM;O.O 
TOTAIR;O.O 
TOTVAP;O.O 
READ(12,40)GAR 
DO I;l,GAR 
READ(12,50)CLOD(I),FCL(I),PERM(I) 
DO N;1,6 
READ(12,60)BODS(N,I),BODSBOT(N,I) 
ENDDO 
40 FORMAT (lX,I2) 
50 FORMAT(lXF7.3,2(3X,F7.3)) 
60 FORMAT(lX,F7.3,3X,F7.3) 
C 
C Set CLOD and PERM to a small number if they are equal to zero to 
C prevent division by zero 
C 
C 
IF(CLOD(I) .EQ.0.)CLOD(I);1.OE-08 
IF(PERM(I) .EQ.0.)PERM(I);1.OE-08 
C Establish the dry (INSAIR) and vapour resistance of the environment 
C 
TAIM;24.0 
TRIM;24.0 
TSKIM;33.0 
HCIM;4.52 
TCLIM;O.O 
20 TCLOLD;TCLIM 
C 
HRIM;4*5.67E-8*( «TCLIM+TRIM)/2+273.2)**3)*0.725 
TCLIM;«1/(1.OE-08*0.155) )*TSKIM+(HCIM*TAIM+HRIM*TRIM))/ 
X«1/(1.OE-08*0.155))+(HCIM+HRIM)) 
IF(ABS(TCLIM-TCLOLD) .GT.O.Ol)GOTO 20 
C Calculate the Lewis relationship for the specific conditions 
C 
LRIM;15.1512*(TCLIM+273.15)/273.15 
C 
C Calculate total intrinsic dry insulation (mY.0C/W) 
C 
ITIM;CLOD(I)*0.155+1/( (HCIM+HRIM)*FCL(I)) 
C 
C Calculate the total intrinsic vapour resistance (IETIM) of the 
C clothing (mY.kPa/W) 
C 
IETIM;ITIM/(LRIM*PERM(I) ) 
C 
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C Calculate the vapour resistance of the air (mY.kPa/W) 
C 
lEAlM=l/(LRlM*HClM) 
C 
C Calculate the dry insulation of the air (my.0C/W) 
C 
lNSAlR=l/(HRlM+HClM) 
C 
C calculate the surface area of the model covered by clothing 
C 
C 
SACOV=O.O 
DO N=1,6 
SACOV=SACOV+S(N)*(BODS(N,l)-BODSBOT(N,l)) 
ENDDO 
C Calculate the clothing area factor applicable only to the surface 
C area of the body covered 
C 
FCLCOV(l)=SA/SACOV*(FCL(l)-l)+l 
C 
C Determine which of the body segments FCLCOV is applicable to 
C 
C 
DO N=1,6 
IF(BODS(N,l) .GT.O)THEN 
FCLACT(N,l)=FCLCOV(l) 
ELSE 
FCLACT(N,l)=l 
ENDlF 
ENDDO 
C Calculate for the clothing fabric the value of its dry insulation 
C (FABINS) (m'.·c/w) and vapour resistance (VAPRES) 
C 
C 
FABlNS(l)=SACQV/(SA/(CLOD(l)*O.lSS+lNSAlR/FCL(I) )-(SA-SACOV)/ 
XlNSAlR)-lNSAlR/FCLCOV(l) 
VAPRES(l)=SACOV/(SA/lETlM-(SA-SACOV)/lEAlM)-lEAlM/FCLCOV(I) 
ENDDO 
C Calculate the intrinsic clothing insulation value for each segment 
C of the model for the whole ensemble 
C 
COMPNEW=O 
FRACOV=O 
THRES=O 
RESVAP=O 
DO K=l, GAR+ 1 
COMPNEW=l 
DETECT=O 
DO l=l,GAR 
DO N=1,6 
IF(FRACOV(N) .GE.BODSBOT(N,I))THEN 
COMP=BODS(N,I)-FRACOV(N) 
IF((COMP.GT.O) .AND. (COMP.LE.COMPNEW(N)))THEN 
COMPNEW(N)=COMP 
DETECT(N)=l 
ELSElF(((DETECT(N).EQ.O) .AND. (I.EQ.GAR)) .OR. (FRACOV(N).EQ.l)) 
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C 
XTHEN 
COMPNEW(N)=0 
ENDIF 
ENDIF 
ENDDO 
ENDDO 
C Determine if clothing added to the bottom of the model's segment 
C should be included in the clothing calculations 
C 
C 
DO I=l,GAR 
DO N=1,6 
IF((BODSBOT(N,I)-FRACOV(N)) .GT.O)THEN 
IF (COMPNEW(N) .EQ.O)COMPNEW(N)=l.O 
IF(COMPNEW(N) .GT. (BODSBOT(N,I)-FRACOV(N) ))COMPNEW(N)= 
XBODSBOT(N,I)-FRACOV(N) 
ENDIF 
ENDDO 
ENDDO 
C Establish the insulation of the clothing layers covering the 
C calculated percentage (COMPNEW(N)) of the model's segments and 
C the clothing area factor for the percentage of the segment covered 
C (TOTFCL (N) ) . 
C 
TOTFAB=l.OE-oa 
TOTVARE=O.O 
TOTFCL=l 
DO I=l,GAR 
DO N=1,6 
IF(COMPNEW(N)+FRACOV(N) .GT.BODSBOT(N,I))THEN 
DIFF=BODS(N,I)-(COMPNEW(N)+FRACOV(N) ) 
IF((DIFF.GE.O) .AND. ((BODS(N,I)-FRACOV(N)) .GT.O) ) THEN 
TOTFAB(N)=TOTFAB(N)+FABINS(I) 
TOTVARE(N) =TOTVARE(N) +VAPRES (I) 
IF(FCLACT(N,I) .GT.TOTFCL(N))TOTFCL(N)~FCLACT(N,I) 
ENDIF 
ENDIF 
ENDDO 
ENDDO 
DO N=1,6 
FRACOV(N) =FRACOV(N) +COMPNEW(N) 
ENDDO 
DO 1=1,6 
IF(TOTFAB(I).GT.l.OE-08)THEN 
THRES (I)=THRES (I)+COMPNEW(I)/(TOTFAB(I)+INSAIR/TOTFCL( I)) 
RESVAP (I) =RESVAP (:I) +COMPNEW (1) / (TOTVARE (I) +IEAIM/TOTFCL (I) ) 
ENDIF 
IF( (K. EQ. GAR+l) .AND. (FRACOV(I) . LT .1) ) COMPNEW (I) =1-FRACOV( I) 
XFACLS(I)=XFACLS(I)+(COMPNEW(I)*TOTFCL(I) ) 
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ENDDO 
ENDDO 
C 
C Determine the nude surface area of the body segment 
C 
C 
LOWBOD=l 
H1GHBOD=O 
DO 1=l,GAR 
DO N=1,6 
1F((BODSBOT(N,1) .EQ.O.O) .AND. (BODS(N,1) .GT.H1GHBOD(N))) 
XH1GHBOD(N)=BODS(N,1) 
1F((BODSBOT(N,1) .GT.O.O) .AND. (BODSBOT(N,1) .LT.LOWBOD(N))) 
XLOWBOD(N)=BODSBOT(N,1) 
ENDDO 
ENDDO 
DO N=1,6 
1F(LOWBOD(N) .GT.H1GHBOD(N))FRACOV(N)=l-LOWBOD(N)+H1GHBOD(N) 
ENDDO 
C Calculate the intrinsic clohting insulation and vapour resistance 
C for each body segment of the model 
C 
C 
DO 1=1,6 
XCLOS(1)=l/(THRES(1)+(l-FRACOV(1) )/1NSA1R)-1NSA1R/XFACLS(1) 
XCLOS(1)=XCLOS(1)/0.155 
X1ECLS(1)=l/(RESVAP(1)+(l-FRACOV(1) )/1EA1M)-1EA1M/XFACLS(1) 
ENDDO 
C Re-evaluate the impermeability index for each segment of the model 
C Calculate total intrinsic dry insulation 
C 
C 
DO 1=1,6 
1T1M=XCLOS (I) *0. 155+1NSA1R/XFACLS (I) 
1ECT=X1ECLS (1)+1EA1M/XFACLS (I) 
X1MS(1)=1T1M/(1ECT*LR1M) 
ENDDO 
C Calculate the defined total intrinsic dry and vapour resistance and 
C clothing area factor of the clothing ensemble 
C 
C 
DRYRES=O.O 
WATRES=O.O 
AFACT=O.O 
AVTAIR=O.O 
AVTVAP=O.O 
DO 1=1,6 
DRYRES=DRYRES+S(1)/(XCLOS(1)*0.155+INSA1R/XFACLS(I)) 
WATRES=WATRES+S(I)/(XIECLS(I)+1EAIM/XFACLS(I)) 
AFACT=AFACT+XFACLS(I)*S(1)/SA 
ENDDO 
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C calculate total intrinsic insulation and vapour resistance of the 
C clothing 
C 
C 
TOTICL= (SA/DRYRES-INSAIR/AFACT)/O. 155 
TOTIEC=SA/WATRES-IEAIM/AFACT 
C Calculate total im for the clothing ensemble 
C 
C 
TOTIT=SA/DRYRES 
TOTIET=SA/WATRES 
TOTIM=TOTIT/(LRIM*TOTIET) 
RETURN 
END 
C SVP AT T, USING ANTOINE' S EQUATION (kPa) 
C (REPLACES STOLWIJK AND HARDY'S STEAM TABLES) 
C 
FUNCTION SVP (T) 
SVP=O.133322*EXP(18.6686-4030.183/(T+235.0) ) 
RETURN 
END 
A-39 
APPENDIX A 
Source code of the input program testing the maximum 
and minimum limits for the insulation and vapour 
properties of the clothing entered by the user 
C 
C This programme checks that user inputs of clothing insulation 
C values and Woodcock permeabilty values have not surpassed 
C theoretical limits. 
C 
C 
REAL BODS(6),SACOV,R(25),DIST(25),S(6),CLO,TOLIM, 
XPERM,FCL,IMMAX,IMMIN,LRIM,ITIM,IEA,IETMAX,IETMIN,SA 
INTEGER FLAG,IMFLAG,ESTFCL 
OPEN(UNIT=11,FILE='C:\MODSYS\THRM25E.DAT',MODE='READ', 
XSTATUS=' OLD' ) 
OPEN(UNIT=17,FILE='C:\MODSYS\CLODAT.DAT', 
XMODE='READ',STATUS='OLD') 
OPEN(UNIT=18,FILE='C:\MODSYS\CLOCHCK.DAT', 
XSTATUS=' UNKNOWN' ) 
C Read radius and length of the models segments from the data file 
C (THRM25E.DAT) and the clothing data from data file (CLODAT.DAT) 
C 
REWIND(ll) 
READ(ll,10)R 
READ(ll,lO)DIST 
10 FORMAT(25F7.4) 
REWIND (17) 
READ(17,20)CLO, FCL,PERM,ESTFCL 
READ ( 17, 22) BOOS 
20 FORMAT(3(3X,F7.3),3X,I2) 
22 FORMAT(6(3X,F7.3)) 
C 
C Calculate PI and initialise the value of the variable FLAG 
C 
C 
PI=4* (ATAN(l.O)) 
FLAG=O 
IMFLAG=O 
C Calculate the outer surface area of the model's segments and 
C the model's total surface area 
C 
C 
SA=O.O 
DO K=l,6 
SELECT CASE (K) 
CASE (1) 
S(K)=R(K*4)**2*4*PI 
CASE DEFAULT 
S(K)=2*PI*R(K*4)*DIST(K*4) 
END SELECT 
SA=SA+S (K) 
ENDDO 
C Calculate the surface area of the model covered by clothing 
C 
SACOV=O.O 
DO 1=1,6 
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C 
SACOV=SACOV+BODS(I)*S(I) 
ENDDO 
C Calculate the radiative heat transfer coefficient from the model 
C when the intrinsic insulation of the clothing waS being measured on 
C the manikin 
C 
C 
TAIM=24.0 
TRIM=24.0 
TSKIM=33.0 
C HCIM Calculated by subtracting HRIM (nude) from la 
C 
HCIM=4.52 
C 
C Calculate HRIM and TCLIM 
C 
C Iterative loop to mean calculate clothing temperature (TCLIM) 
C and mean linear radiation coefficient (HRIM). 
C 
60 CONTINUE 
TCLIM=O.O 
30 TCLOLD=TCLIM 
C 
HRIM=4*5.67E-8*(((TCLIM+TRIM)/2+273.2)**3)*0.725 
TCLIM=((1/(lE-08))*TSKIM+(HCIM*TAIM+HRIM* 
XTRIM) )/((1/(lE-08))+(HCIM+HRIM)) 
IF(ABS(TCLIM-TCLOLD).GT.0.01)GOTO 30 
C Calculate the theoretical maximum intrinsic clothing insulation 
C for the surface area of the body covered. From Neale et a1 
C conference paper for 7th international conference on Environmental 
C Ergonomics 
C 
IF(SA.EQ.SACOV)GOTO 40 
CLOMAX=l/ ((HRIM+HCIM) *0.155)*( (SA/ (SA-SACOV) )-1) 
IF ( (CLO. LT. CLOM.zIX) .AND. (FLAG. EQ. 0) ) GOTO 40 
FLAG=l 
IF(ESTFCL.EQ.1) FCL=1+0.31*CLOMAX 
IF(ABS(CLO-CLOMAX) .GT.0.00001)THEN 
CLO=CLOMAX 
GOTO 60 
ENDIF 
40 CONTINUE 
C 
C Calculate the limits of the clothings permeability index 
C 
C 
LRIM=15.1512*(TCLIM+273.15)/273.15 
ITIM=CLO*0.155+1/((HCIM+HRIM)*FCL) 
lEA=l/(HCIM*LRIM) 
C Calculate maximum and minimum possible total vapour resistances 
C 
IF (SA. EQ. SACOV) THEN 
IMMIN=O 
ELSE 
IETMAX=IEA*SA/(SA-SACOV) 
IMMIN=ITIM/(LRIM*IETMAX) 
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ENDlF 
C 
C The theoretical maximum IM is calculated as follows 
C 
C 
FCLCOV=SA*(FCL-l)/SACOV+l 
lETMlN=lEA/FCL 
lMMAX=lTlM/(LRlM*lETMlN) 
C The maximum IM practically attainable is given when the individual 
C is completely undressed and is equal to the ratio of the dry (la) 
C and vapour resistances (Iea) of the air 
C 
THMAXlM=HClM/(HRlM+HClM) 
IF(PERM.GT.lMMAX)THEN 
TOLlM=lMMAX 
lMFLAG=l 
ELSElF(PERM.LT.lMMlN)THEN 
TOLlM=lMMlN 
lMFLAG=2 
ENDlF 
WRlTE(18,50)FLAG,CLOMAX,lMFLAG,TOLlM,FCL 
50 FORMAT(3X,l2,3X,F7.3,3X,l2,3X,F7.3,3X,F7.3) 
RETURN 
END 
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APPENDIX A 
Data file for the LUT25-node model (THRM25E.DAT) 
0.0933 0.0969 0.1003 0.1027 0.0721 0.1074 0.1185 0.1205 0.0314 0.0497 0.0538 0.0557 0.0088 0.0100 0.0120 0.0142 
0.0401 0.0630 0.0673 0.0693 0.0099 0.0108 0.0129 0.0149 0.0025 
0.0 0.0 0.0 0.0 0.8987 0.8987 0.8987 0.8987 0.7246 0.7246 0.7246 0.7246 1.0603 1.0603 1.0603 1.0603 
1.3702 1.3702 1.3702 1.3702 1.3875 1.3875 1.3875 1.3875 
0.86 1.05 0.70 1.05 0.94 1.05 0.70 1.05 0.74 1.05 0.70 1.05 0.63 1.05 0.70 1.05 0.71 1.05 0.70 1.05 0.65 1.05 
0.70 1.05 1.04 
884.775 904.225 890.668 868.9411003.5371000.574 998.6551000.3251002.478 997.4931004.1521013.5041007.928 
931.4951023.434 989.5801002.6211002.643 986.8031020.3911006.503 861.9901014.080 990.2701000.000 
14.95 0.12 0.13 0.1052.63 5.81 2.49 0.47 0.82 1.11 0.21 0.15 0.09 0.23 0.04 0.06 2.59 3.32 0.50 0.37 0.15 0.02 
0.05 0.08 
0.00 0.00 0.00 0.8110.45 0.00 0.00 3.78 0.00 0.00 0.00 1.40 0.00 0.00 0.00 0.52 0.00 0.00 0.00 3.32 0.00 0.00 
0.00 0.72 
45.00 0.12 0.13 1.44210.00 6.00 2.56 2.10 0.84 1.14 0.20 0.50 0.10 0.24 0.04 2.00 2.69 3.43 
0.52 2.85 0.16 0.02 0.05 3.00 
0.5430 0.4180 0.1600 0.3340 0.5430 0.4180 0.1600 0.3340 0.5430 0.4180 0.1600 0.3340 0.5430 0.4180 0.1600 0.3340 
0.5430 0.4180 0.1600 0.3340 0.5430 0.4180 0.1600 0.3340 
3.00 2.10 2.10 4.00 2.10 4.00 
> ·0.74 0.75 0.66 0.56 0.65 0.62 6 36.9635.0734.8134.5836.8936.2834.5333.6235.5334.1233.5933.2535.4135.3835.3035.2235.8135.3035.3134.1035.1435.0335 
.1135.0436.71 
372.00 33.70 0.00136.00 8.90 0.00 10.80 10.80 0.00 13.00 0.04 1.00 10.00 
0.21 0.42 0.10 0.04 0.20 0.03 
0.0810.4810.1540.0310.2180.035 
0.1320.3220.0950.1210.2300.100 
0.05 0.15 0.05 0.35 0.05 0.35 
0:00 0.30 0.08 0.01 0.60 0.01 
0.00 0.56 0.20 0.04 0.18 0.02 
0.00 0.39 0.12 0.00 0.45 0.04 
0.00 0.61 0.29 0.04 0.01 0.02 
0.01 0.56 0.11 0.00 0.32 0.00 
0.07 0.10 0.10 0.10 0.07 
0.02 0.85 0.05 0.00 0.07 0.00 
36.9635.0734.8134.5836.8936.2834.5333.6235.5334.1233.5933.2535.4135.3835.3035.2235.8135.3035.3134.1035.1435.0335 
.1135.0436.71 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.80 0.80 0.80 0.80 0.95 0.95 0.95 0.95 0.80 0.80 
0.80 0.80 
1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 0.80 0.80 0.80 0.80 0.95 0.95 0.95 0.95 0.80 0.80 
0.80 0.80 
0.00 2.67 2.95 3.12 3.25 3.36 3.45 3.52 3.59 3.66 
3.72 3.77 3.82 3.87 3.92 3.96 4.01 4.05 4.08 4.12 
4.16 4.19 4.23 4.26 4.29 4.33 4.36 4.39 4.42 4.45 
4.48 4.50 4.53 4.56 4.59 4.61 4.64 4.67 4.69 4.72 
4.'75 4.77 4.80 4.82 4.85 4.87 4.90 4.92 4.95 4.97 
5.00 5.03 5.05 5.08 5.10 5.13 5.15 5.18 5.20 5.23 
5.25 5.28 5.31 5.33 5.36 '5.39 5.41 5.44 5.47 5.50 
5.52 5.55 5.58 5.61 5.64 5.67 5.71 5.74 5.77 5.81 
5.84 5.88 5.92 5.95 5.99 6.04 6.08 6.13 6.18 6.23 
6.28 6.34 6.41 6.48 6.55 6.64 6.75 6.88 7.05 7.33 
7.33 7.37 7.41 7.46 7.51 7.58 7.65 7.75 7.88 8.09 
100.00 100.00 1.00 20.00 0.601000.00 24.00 20.001000.00 
APPENDIXB 
Modularising the LUT25-node model 
B.1 Modularising the LUT25-node model 
This section details the alterations made to modularise the data-file and code structure of 
the LUT25-node model. This issue was raised in chapter 5 section 5.1.1 of this thesis 
(volume I). 
B.1.1 Modularising the surface areas of the LUT25-node model 
The body segment surface areas of the LUT25-node, which were contained in the 
programs data-file, have been replaced by the radii and lengths of the individual body 
compartments. These values are now used by the model to calculate the body segment 
surface areas. For the head, the outer radius of this body segment and the surface area 
formula for a sphere are used to calculate its surface area, while the outer radii, lengths 
and surface area formula for a cylinder are used to calculate the surface area of the other 
anatomical segments. The surface area calculations are: 
A,p = 4.1t .r' (B.I) 
and: 
Acy = 2.1t.r.1 (B.2) 
Where: 
A,p = surface area of a sphere (m\ 
A,y = surface area of a cylinder (m2); 
r = radius (m); 
= length of cylinder (m). 
Although Stolwijk (1971) and Stolwijk and Hardy (1977) provide values for the radii 
and lengths of the tissue compartments in the 25-node model, it was not possible to 
introduce these values into the modularised data-file for the LUT25-node model. For 
when these values are used to calculate the surface area of the body segments, the 
resulting values are not the same as the surface areas provided in the original data-file of 
the LUT25-node model. Consequently, it was necessary to re-calculate the radii and 
lengths of the tissue compartments, using the values for the body segment surface areas 
B·} 
contained in the original data-file, the volumes for the tissue compartments presented in 
table A3 of Stolwijk and Hardy (1977), and the formulae used to calculate the surface 
area (equations B.l and B.2) and volume of a sphere and cylinder. For reference, the 
formulae for calculating the volumes of a sphere and cylinder are: 
and: 
Where: 
4 3 
VJp = -.1t.r 3 
v"" =1t.r'.1 
Vsp = volume ofa sphere (m\ 
Vcy = volume ofa cylinder (m\ 
(BJ) 
(B.4) 
With the volumes and surface areas of the body segments for the LUT25-node model, 
the outer radii and lengths of its cylindrical body segments were evaluated by 
simultaneously solving equations B.2 and B.4. Following this it was possible to 
calculate the radius of each tissue compartment within the cylindrical segments, using 
the lengths and volumes of the compartments and the formula for the volume of a 
cylinder. 
The outer radius of the head of the model was calculated using the surface area formula 
for a sphere. This maintained that the surface area of the modularised model was 
identical to that of the original, though its volume is 12% larger. The radii of the tissue 
layers within the head were then calculated using the volume formula for a sphere and 
the assumption that the proportional volume of tissue types in the head remains constant 
between the original and modularised models. 
B.1.2 Modularising the heat capacity of the LUT25-node model 
The heat capacities of the tissue compartments for the LUT25-node model are now 
calculated by the model according to the relationship: 
c( . . ) = v(" ") .p(" ") .c(" ") f,j I,j I,) t,} (B.5) 
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Where: 
C(ij) = heat capacity of compartment i in body segmentj (W.h-l.oC\ 
v(ij) = volwne of compartment i in body segment j (m\ 
P(ij) = density of the compartment (kg.m-\ 
C(ij) = specific heat capacity of the tissue (W.h.kg-l.oC I ). 
The volwnes of the tissue compartments are evaluated with their radii and lengths 
determined in section 801.1. Densities for the compartments were determined by 
dividing their masses (provided in table A3 of Stolwijk and Hardy, 1977) by their 
volwnes. As the central blood compartment of the LUT25-node model is located in the 
trunk core, this volUme needs to be removed from the trunk core volume when the 
density and heat capacity of this compartment is calculated. 
Specific heat capacities for the tissues of the model are provided by Stolwijk and Hardy 
(1977). These are 0.58 W.hours.kg-l.oC I for skeleton, 0.70 W.hours.kg-I0C- I for fat and 
1.05 W.hours.kg-l.oCI for muscle, skin and viscera. Blood is asswned to have a specific 
heat capacity of 1.04 W.hours.kg·l.oC- I . All core compartments of the model are 
considered to consist of varying proportions of skeleton and viscera. Consequently, for 
each core compartment of the model an average specific heat capacity was calculated, 
weighted by the mass of each tissue type in the core. 
B.1.3 Modularisiug the thermal conductances of the LUT25-node model 
Previously, the thermal conductances for the LUT25-node model were evaluated by 
Stolwijk and Hardy (1977), who employed a method outlined in an earlier paper 
describing the development of their initial three segment model of human 
thermoregulation (Stolwijk and Hardy, I 966a). It is based on the theory of heat 
conduction through a flat plate, where !<NI in equation 2.4 defines the thermal 
conductance. For the adjacent Iwnped parameter spherical and cylindrical tissue 
compartments of the model tl and t2 in equation 2.4 are assUmed to be located at the 
compartments centre of mass radius (rcml, which defines the radial distance dividing the 
mass of a sphere or cylinder in half (figure 8.1). For a sphere rcm is calculated by: 
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, , 
'(i,}) + '(I,}-I) 
r -"~~~~~ 
cm(i,}) - ,- 2 
while for a cylinder: 
r cm(i,j) = 
2 2 
r(i,}) + r(l,j_l) 
2 
Where 
(B,6) 
(B.?) 
r(iJ) = outer radius oftissue layer j in body segment i (m); 
r(ij_l) = inner radius of tissue layer j in body segment i (m), 
-,,\) 
~(\,\ 
~(S\ \ 
\ \ \' \ 
\ \ 
x(i,i) 
I 
/ 
Figure 8.1 
Radial distances needed to calculate the thermal conductance between adjacent 
tissue layers in the original LUT25-node model (from Richardson 1988b). 
Essentially, the thermal conductance between adjacent tissue layers in the LUT25-node 
model is calculated in an equivalent manner to that of a flat plate; where A in equation 
2.4 is evaluated at the radial distance (rmp), midway between the rcm of the two adjacent 
tissue layers, k is the thermal conductivity of the tissues and I is the difference between 
the rcm of the two adjacent tissue layers_ 
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Thennal conductances contained in the original data-file of the LUT25-node model were 
replaced with thennal conductivities as provided by Stolwijk and Hardy (1977). These 
values along with the radii and lengths of the body segments of the model are used by 
the model to calculate the thennal conductances between adjacent tissue layers. 
However, when the original method was used to calculate the thennal conductances, it 
did not provide the same values as those used in the original LUT25-node model. Even 
when this process was repeated with the original radii, lengths and thennal 
conductivities provided by Stolwijk and Hardy (1977), it was still not possible to 
achieve the same thennal conductances as those used in the original LUT25-node model 
and provided by Stolwijk and Hardy (1977). 
In addition to the complication confirming the original method used to calculate the 
thennal conductances of the LUT25-node model, Richardson (1988b) noted that the 
technique described by Stolwijk and Hardy (1966a) for calculating thennal 
conductances is only applicable for calculating the thermal conductance between tissue 
layers with identical thermal conductivities, which only occurs between the core and 
muscle, and fat and skin layers of the LUT25-node model. 
Kraning (1991), who uses a similar method for calculating the thennal conductance 
between the tissue layers of a cylindrical model, uses a harmonic mean of the thennal 
conductivities of the tissue layers to evaluate the thermal conductance between them, 
where: 
K _ kU.j)"ku.j +I )· Amp(i.j) (""l-
'.) (k( . . ) + k( . . I))X( .. ) 
(8.8) 
Where: 
. t,] 1,)+ I,) 
~ij) = thermal conductance between tissue layersj andj+l (W.oC I ); 
~ij) thermal conductivity of tissue layer j (W.m·l.oC\ 
~ij+l) = thermal conductivity of tissue layer j+l (W.m-) .0CI); 
t\np(ij) = surface area at radius rmp(ij) (m2). 
X(ij) = difference between radius rmp(ij) and rmp(ij+l) (m). 
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However, this modification of Stolwijk and Hardy's method does not take into 
consideration the thickness of each tissue layer and so the weighted influence each tissue 
layers thermal conductivity has on the overall thermal conductance between them. A 
superior method used by Richardson (1988b), is to evaluate the mean thermal 
conductance in each layer of the model and then calculate a harmonic mean thermal 
conductance between adjacent tissue layers. Figure 8.2 illustrates the fundamental 
dimensions required to calculate the thermal conductance between tissue layers with this 
method. 
/ I 
/ 
/ 
Figure B.2 
Radial distances used to calculate the thermal conductance 
between adjacent tissue layers (from Richardson. J988b). 
The method involves first evaluating. the mean thermal conductance in adjacent tissue 
layers, according the relationships: 
(8.9) 
and: 
K _ Amp(i,j+l)' k(i,j+l) 
l(iJ+I) -
X(i./+l) 
(8.10) 
Where: 
K'Oj) = thermal conductance of tissue layer j (W.°C); 
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~;j+I) = thennal conductance of tissue layer j+1 (W.°C). 
With the results from equations 8.9 and 8.10 the hannonic mean thermal conductance 
between tissue layers is calculated with: 
(B.ll ) 
All it was not possible to conclusively determine the actual method used for evaluating 
the thennal conductances of the original LUT25-node model, the method outlined by 
. Richardson (1988b ) (equation 8.11) was adopted to modularise the calculations of these 
values in the LUT25-node model. Consequently, thennal conductivities for the tissue 
layers of the model had to be re-established from those provided by Stolwijk and Hardy 
(1977) because of the alternative method adopted to calculate the thermal conductances. 
The basis for establishing the new thennal conductivities for the tissue layers was to 
ensure that when the modularised model is operated passively (no thermoregulatory 
control) under thennally neutral, resting conditions (section 5.1.1.12) the modularised 
version of the model should produce the same core temperature response as the original 
LUT25-node model. A mixture ofthennal conductivities presented by Kraning (1991), 
Stolwijk and Hardy (1977) and Richardson (I 988b), as detailed in table B.I, were found 
to produce the correct thennal response from the model. Interestingly, the skin thennal 
conductivity used, lies between the vascular and avascular skin thermal conductivities 
used in Kraning's thennoregulatory model. 
Tissue layer Thermal conductivity (W.rn-l.oCI ) 
core 0.5430 
muscle 0.4180 
fat 0.1600 
skin 0.3340 
Table B.l 
Modularised thermal conductivities for the LUT25-node model. 
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APPENDIXC 
Maximum clothing insulation 
and vapour resistance values 
C.l Maximum clothing insulation and vapour resistance values 
It is possible to demonstrate theoretically, that maximum measurable values of intrinsic 
clothing insulation and evaporative resistance exist when measured on a fully operated 
manikin. This appendix provides the derivation to these maximum measurable values. 
The theoretical analysis of the technique used for measuring intrinsic clothing insulation 
and vapour resistance concerns intrinsic garment insulation (Iclil and vapour resistance 
(I.,cli), but could equally apply to effective (I.,lu, !eelu) or total (IT' leT) garment insulations 
and vapour resistances, or similar measures performed on clothing ensembles. 
C.1.t Maximum measurable clothing insulation values 
Figure C.I a illustrates the defmed property for !"Ii - the garment thermal insulation (eg a 
pair of gloves) is considered to act across the total surface area of the body; and figure 
C.! b the actual situation for !"Ii - the effect of the garment is felt over the hands alone. 
Both these situations can be characterised by a simple lumped-parameter, electrical 
analogy, correlating electrical resistance with the thermal resistance of the clothing 
(clothing plus trapped air) surrounding the manikin. r. represents the thennal insulation 
of the air, f.:li the garments clothing area factor, AD the DuBois surface area, Acov the 
surface area covered by clothing, !"Icov the local intrinsic thermal insulation of the fabric 
(clothing plus trapped air adjacent to the skin) and fclcov the local clothing area factor 
specific to the covered area of the manikin when clothed. For each system in figure C.I, 
the total insulation is equivalent to: 
(C.!) 
for figure C.I a, and: 
An 
I Toov = --A-;----'''--A,.--A:-' 
__ -""o,,-v-;-_+ D - COy 
I +~ I. 
clcov r 
J clcov 
(C.2) 
for figure C.l b. 
C-l 
D 
ni' UII _ ilU 
fiWi UU 
o 
c c ~--;ild/AoHI.t(fdi·Ao)~ ~ ~ 
I I 
L----..jlr/Ao ~-----I 
I 
I 
I 
(a) 
I I 
L------..jITcojAO f--------J 
(b) 
Figure C.I 
Electrical analogy of the defined (aJ and actual (b) garment 
thermal insulation as measured on a fully-heated manikin. 
If the mean skin temperatures of the manikins in figure C.l are identical, then both 
circuits in figure C.l represent the same thennal system with differing conceptual 
approaches (IT; equals ITeov). Hence, combining equations C.I and C.2: 
la 
fell (C.3) 
Equation C.3 characterises how lel; alters with changes in, the area of the body covered 
by clothing ("ov), the insulation of the clothing with trapped and external air layers 
Ieleov, and the clothing area factors of the whole surface area of the body (£.:1) and that of 
the surface area of the body covered (£.:lcov). 
It is possible to derive an equation relating felcov to, £':1;' the total surface area of the body, 
and the area of the body covered by clothing. For the parameters £':IcOV and £':1;: 
r = AcliCOV 
J c1cov A 
'ov 
(C.4) 
and; 
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A;'r fel' =~ 
D 
(C.5) 
where; 
Aclicov = actual surface area when clothed (excluding unclothed body 
areas) (m2); 
Acli = defined surface area when clothed (including unclothed body 
areas) (m2). 
In addition to equations C.4 and C.5, it can be said that the increase in the actual and 
defined surface areas of the body when clothed must be equal. Hence, it is possible to 
say that: 
(C.6) 
From equation C.6 we can obtain an expression for Acheov in terms of A.:o" Ach and AD. 
This can be substituted into equation CA to yield the relationship: 
(C.7) 
Similarly from equation C.5 an expression can be obtained for A.:h in tenns of feh and 
AD. Substituting this equation into C.7, the following relationship is derived: 
(C.8) 
Assuming la = 0.62 clo (ISO 9920, 1995) and feli IS equal to (ISO 9920, 1995, 
McCullough et ai, 1985): 
fd' = 1+0.31.1", (C.9) 
an iterative solution of equations C.3, C.8 and C.9 can be used to investigate how I.:li 
varies with variations in I.:lcov and the percentage surface area of the body covered (figure 
C.2). This shows that as I.:lcov increases I.:h rises asymptotically to maxima dependent on 
the surface area of the body covered. When the manikin is 100% covered with clothing a 
linear relationship exists between I.:li and lehcov. The asymptotes of I.:h represent 
C-3 
maximum measurable values that occur whenever the manikin is not lOO % covered. 
Evidence to support these findings is provided by Zhu et al (1985) who observed similar 
phenomena in both theoretical and experimental studies. The values of the asymptotes 
are obtained by letting I.:laJV in equation C.3 approach an infinite value. Under such 
circumstances (,Ii equals I as no heat will escape from the surface of the clothing. 
Consequently, equation C.3 reduces to: 
(C.IO) 
Equation C.1 0 provides a means of determining the maximum measurable intrinsic 
clothing insulation value for either a garment or clothing ensemble. 
.--.. 3.0 ,-------------71 
o 
() 
'-"' 
() 
2.5 
c 2.0 
o 
:;::; 
~ 1.5 
en 
c 
() 1.0 
en 
.~ 0.5 
...... 
c 
0.0 
--=~~'='- --.. -
~--:-:-:-:-:~;7=l- -. ---
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Fabric insulation Idoov (in do units) 
Figure C.2 
Relationship between the defined (le/J and actual (le/coJ garment intrinsic insulation 
for different percentages of the heated manikin covered by clothing. 
C.1.2 Maximum measurable intrinsic vapour resistance and im 
Similar to the measurement of dry intrinsic insulation, the evaporative resistance of 
clothing is determined with a fully-wetted thermal manikin. Consequently, an electrical 
C-4 
analogy can be produced similar to that used to describe the defined and actual 
measurement of dry intrinsic insulation provided in figure C.l. Following identical steps 
to those used to develop the relationship between intrinsic clothing insulation and local 
intrinsic fabric insulation, an equation, identical in form to that of equation C.3 can be 
developed, relating the defined intrinsic evaporative resistance to local fabric 
evaporative resistance: 
AD I ~li = -----"----,----,--
__ A-,oo",,'---c,--- + AD - A,., 
I I, I, eclcov + -1.-
clcov 
(C.!!) 
As equation C.ll is similar to equation C.3 there is also a maximum limit to the 
measurable I.:di as there is with i"Jj, where the maximum measurable I.:cli can be 
determined with an equation similar to equation C.I 0, where: 
.( AD fecli = le' ---''---
AD - A,., 
(C.!2) 
Again as with equation C.IO, equation C.12 illustrates that the maximum measurable 
intrinsic evaporative resistance of clothing is dependent on the evaporative resistance of 
the air and on the percentage area of the uncovered body and not on any intrinsic 
qualities of the clothing. 
The maximum measurable leeJj value dictates that there is a maximum and minimum 
attainable im. im is obtained from equation 5.23, which shows that for any given dry 
insulation properties of clothing, the limits OfIeT can be used to establish the boundaries 
of a clothing's possible im values. The minimum im value is achieved when leT in 
equation 5.23 is a maximum. As leT is evaluated from equation 4.2, its maximum is 
obtained when Ieel (equation C.12) is a maximum. As Ieel is a maximum, then the 
clothing is impermeable to vapour transfer. It is thus possible to say that f"iunder these 
circumstances is equal to one. Hence, substituting equation C.!2 into 4.2, and letting fdi 
equal one, the maximum value for leT is: 
I _ I,.AD 
,T -
An - Acov 
(C.13) 
c·s 
The minimum im is achieved by introducing equation C.13 into equation 5.23. This leads 
to: 
(C.14) 
Alternatively, the maximum attainable im occurs when I.:T (equation 4.2) is a minimum. 
This arises when leol in equation 4.2 is equal to zero. Consequently, leT is equal to I/fd 
which when substituted into equation 5.23 yields the maximum attainable im value, 
where: 
(C.15) 
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APPENDIXD 
Clothing inputs and predicted values from the 
LUT25-node clothing model with measured 
responses provided by ISO 9920 (1995) 
daily wear 1 
I I I I I I 
I I I I I I 
Ensemble 100 Measured: IcI = 0.33 clo, fcl = 1.1 Predicted: Icl = 0.29 cia, fcl = 1.07 
--
I I 
Garment No Iclu % Acov % Body part IT, la - 0.62 cia Icli Fcl 
I 
8 0.04 12 33.29 trunk 0.66 0.04934 1.015296 
30 0.08 40 100 trunk, 29.41 arm. 0.7 0.093342 1.030486 
262 0.02 7 100 feet, 0.38 leg. 0.64 0.024714 1.007661 
264 0.03 14 100 feet, 22.52 leg. 0.65 0.037038 1.011482 
364 0.1 18 33.29 trunk, 18.98 legs 0.72 0.122723 1.038044 
Ensemble 101 Measured: Icl = 0.23 clo, fcl = 1.07 Predicted: IcI = 0.14 cia, fcl = 1.04 
I I 
Garment No Iclu % Acov % Body part IT, la = 0.62 cia Icli FcI 
I 
1 0.03 10 27.74 trunk 0.65 0.037038 1.011482 
69 0.06 12 33.29 trunk 0.68 0.073882 1.022903 
Cl , 
99 0.06 18 33.29 trunk, 18.98 legs 0.68 0.073882 1.022903 
272 0.02 4 58.14 feet 0.64 0.024714 1.007661 
Ensemble 102 Measured: Icl = 0.41 cia, fcl = 1.11 Predicted: Icl = 0.41 cia, fcl = 1.10 
I 
Garment No Iclu % Acov % Body part IT, la = 0.62 cia Icli Fcl 
I 
8 0.04 12 33.29 trunk 0.66 0.04934 1.015296 
79 0.17 40 100 trunk, 29.41 arms 0.79 0.207465 1.064314 
97 0.08 25 33.29 trunk, 41.13 legs 0.7 0.098342 1.030486 
265 0.03 14 100 feet, 22.52 leg. 0.65 0.037038 1.011482 
260 0.03 7 100 feet, 0.38 legs 0.65 0.037038 1.011482 
Ensemble 103 Measured: Icl - 0.52 clo, fcl = 1.17 Predicted: IcI = 0.51 cia, fcl = 1.12 
I I 
Garment No Iclu % Acov % Body part IT, la = 0.62 cia Icli Fcl 
I 
8 0.04 12 33.29 trunk 0.66 0.04934 1.015296 
66 0.27 1------ 46 100 trunk, 74.09 arms 0.89 0.327077 1.101394 ----- 97 0.08 25 33.29 trunk, 41.13 leg. 0.7 0.098342 1.030486 
263 0.02 7 100 feet, 0.38 leQ' I 0.64 0.024714 1.007661 
Cl 
N 
lE 
2621 
I 
106 
1 
6E 
10, 
27 
107 
I 
t ~ 
26~ 
26C 
, 108 
I 
t No 
8 
75 
102 
f---j---~ 
, 112 
I 
t No 
8 
3C 
76 
103 
lIc1u 
lIelu 
lIc1u 
0.021 I 7 
I I 
: lel = 0.44 elo, fel = 1.1' 
0.03 
0.13 
0.15 
0.02 
I%Acov 
1C 
3( 
4~ 
~ 
: lel = 0.5 ele, fel = 1.14 
0.04 
0.17 
0.15 
0.03 
0.03 
1% Acov 
1. 
4C 
45 
14 
7 
: Icl = 0.62el ,fel = 1.H 
0.04 
0.25 
0.15 
0.03 
0.03 
1% Aeov 
1. 
51 
45 
14 
7 
. Icl = 0.89 cia, fcl = 1.3 
IIclu 1% Aeov 
0.04 
0.08 
0.34 
0.28 
12 
40 
51 
45 
daily wear 1 
1100 feet. 0.38 leas 
1% Bodv part 
1 
127.74 trunk 
183.22 trunk 
1100 leg-;-37.14 trUnk 
158.14 feet 
I 
: lel = 0.42 elc, fel = 1.11 
I 
; IT, la = 0.62 elo 
0.65 
0.7~ 
o:Tt 
0.6' 
; lel=0.52el ~ 
1% Bodv part 
133.29 trunk 
1100 trunk, 29.41 arms 
1100 log, 37.14 trunk 
1100 feet. 22.52 leas 
1100 feet. ( 38 leas 
1% Bodv Pal 
I 
133.29 trunk 
1100trun ,100arms,'.8Iegs 
1106 109:"37.14 trunk 
1100 feet, 22.52 legs 
1100 feet. 0.38 leas 
IT. la = 0.6:1 cia 
0.66 
-1179 
0.77 
0.65 
""MS 
Icl = 0.73 cl, fcl = 1.14 
-I 
IT, la = 0.62 cia 
0.87 
o:n 
0.65 
0.65 
; lel = 1.16 clc, fel = 1.21 
1% BOdy part 
1100trUrlk, 29.41 arms 
1100 trunk, 100 arms, ' .8 legs 
1100 leo.37.14 trunk I 
IT, la =0.6! cia 
0.66 
Q7 
0.024714 
lIel; 
o. 
0.159151 
0.02471~ 
Ilcl; 
0.049~ 
O. 
0.18334< 
O. 
lIel; 
-O~ 
O. 
0.1 
lIeli 
0.409901 
b 
IFel 
1 
1.049337 
1 
1 
Fel 
1.01148. 
1.011482\ 
lFel 
1, 
1 
~ 1.01f4~ 
1,011482 
Fel 
1 
1 
1. 
1. 
265 
260 
121 
t No 
€ 
29C 
291 
264 
26, 
124 
t No 
a 
30 
114 
~ 
a9 
265 
,25a 
200 
1,201 
I 
IN 
a 
54 
Ilelu 
lelu 
0.Q3 
0.Q3 
0,0, 
0.3< 
0.2€ 
om 
0.02 
0.04 
o.oa 
0.49 
0~03 
0.Q3 
0.04 
0.3, 
O.lE 
0.03 
0~05 
14 
7 
IcI = O.77el' , fel = 1.19 
1% Aeov 
12 
4~ 
lel = 0.72 cl fel =1.2< 
% Aeov 
12 
40 
al 1, 
7 
lel = 0.61 e ,fel = 1.19 
1% Aeov 
1, 
51 
45 
14 
7 
lel = 0.63 e ,fel = 1. lE 
lelu % Aeov 
0.04 12 
0.33 51 
daily wear 1 
1100 feet, 22.52 legs 
1100 feet. 0.38 leas 
1% Bodv part 
133.29 trunl 
116Oii'Unk 66.64 arms 
1100 leas, 3<.37 trunk 
1 00 feet, 22,57 IAn. 
1100 feet~legs 
I%BOdVoal 
I 
133.29 trunk 
1100 trunk, 29.41 arms 
I16OTeOS: foo trunk, III .33 arms 
1100 feet, 22.52 loos 
1100 feet, 0.38 legs 
f%Body p" 
33.29 trunk 
100 trunk, 100 arms, I.a legs 
100 lea, 37.14 trunk 
100 fOot. 22.52 leas 
100 feet, 0.3a legs 
0.65 
0:65 
lel = 1.OS cJ, '. fel = 1.21 
IT, la = 0.62 cia 
I 
0.661 
o:Se 
lel = 0.93 ell, fel = 1.17 
: ~ot 
: Not I 
IT~1do 
0.66 
0: 
1T,Ia = O.E ) ele 
I 
0.6sl 
0.95 
o.a 
0.65 
0.67 
1% Bod,oart IT. la = 0.6 ! cia 
I 
133.29 trunk 0.66 
1100 trunk. 100 arms, 4.a leas 0.95 
0.' 
lIeli 
O. 
0.02471' 
Ileli 
O~ 
O~ 
Ileli 
0.39all 
0.2195 
0.061622 
lIeli 
0.38all1 
1.011482 
'1.011482 
IFe 
--er011482 
1.007661 
IFcI 
1.015296 
--er la1414 
1.0114a2 
1.0114a: 
~el 
1. 
1.0114a2 
1.019103 
IFel 
1.015296 
1.123414 
87 
265 
258 
tN 
8 
54 
86 
!O3 
Iclu 
!04 
0.22 
0.03 
0.05 
45 
14 
7 
: Icl = 0.71 cl ,fc~ = J.3 
0.04 
0.33 
0.22 
0.03 
0.05 
1% Acov 
: Icl = 0.53, f, I = 1.16 
51 
45 
14 
7 
daily wear 1 
! 1 00 leg, 37.14 trunk 
1100 feel, 22.52 legs 
'100 feel. 0.38 leas 
1% Body par 
33.29 trunk 
100 trunk, 100 arms, 4.8 leas 
100 leg, 37.14 trunk 
1100 feel, 22.52 legs 
'1,00 feel, 0.38 legs 
t No lelu ,% Body part 1% Aeav 
I 
8 0.04 1: 133.29 trunk 
54 0.33 51 1100 trunk, 100 arms, 4.8 legs 
~ __ -+ __ ~~85 ____ ~ __ ~O, .. 1~~r-__ -+ __ -~25 ____ ~~trunk,41.13Iegs 
265 0.03 14 '100 feel, 22.52 legs 
258 0.05 7 ,100 feet, 0.38 legs 
: ~ol I 
~ol 
0.84 
0.65 
0.67 
tT, la = 0.6 ! clo 
0.66 
0.95 
0.84 
0.65 
0.67 
IT, la = 0.6 • cia 
I 
0.661 
0.95 
0.67 
!O5 Icl = 0.53, :1 = 1.16 ~ol I I 
I 
0.' 
Icll 
0."0/4, 
0.061~ 
Icll 
0.398111 
0.134884 
O. 
1. 
1.011482 
Fel 
1~ 
1.011482 
,FcI 
1.015296 
1.123414 
1.041814 
1.011482 
1.019103 
t No Iclu 1% ~cov i% Body par IT la = 0.62 elo lell IFcl 
I 
8 0.04 12 133.29 trunk 0.66 1 
54 0.33 51 l1()()trunk, 100 arms, 4.8 leas 0.95 o~. 1.t!3414 
1 _____ ,--~8~4-------I----0~' .. l~t1r_----I--~2~5-----+I33~'~ .. 29ltru~nk~,,4~1:.~131Ia~gs __ , ___ ~ ____ ~_~.~~,~7~3 ____ ~0~.1~ ~ ____ -+~1~.CO'~ll~814 
~ __ -+ __ ~~~ ____ +-~0~1.0~3 ____ +-__ ~1~4 ____ r.11~00Ire~el,2~2! .. ~52!lo~gS~ ____ + _____ r-_~01~ ... 6~5 ____ +~0~ .. O~~ ____ r~I .. 0~·~11'4~82 
~ 0.05 1100 feel, 0.38 logs 0.67 0.061622 1.019103 
06 
, No 
I 
81 
. 
Icl = 0.48 cl ,fel = 1.1e 
lelu % Aeov 
0.04 12 
~ol I 
1% Body par IT, la = 0.62 cia 1,,11 Fel 
133.29 trunk 0.66 1.015296 
" • v. 
~ 
~ 
IN 
,208 
J. 
~ 
25E 
IN 
..!: 
6C 
~ 
265 
t No 
~ 
lIelu 
Ilelu 
.O.~ 
~ 
:~0.48el ,fe~ 
J.U'I 
Jl2" 
O.!.':'. 
daily wear 1 
I 
• trunK 
~aypart 
I 
l'>'>~ 
1t<>·~K 
l.!.C I leg, 37. ~ 
110~ 
l.!.':")feet,o.~ 
~Body part 
~ 
1:>;1.29 trunk 
:~ 
:~ 
o trunk, 100-"""", 1 l.96 hand, IJl! legs 
~2'eg~ 
l'..<J'feet,22~ 
~ ~U.odl.gs 
r-iot 
1% Body part 
.1 
~elC 
IT, la-".0.6 ! elo 
U.U~, J"a 
~
IT, la--= 1 elo 
1 
1 
IFel 
IFel 
1.1 ~9 
...l 
1,Q~ 
1.019103 
IFcI 
daily wear 1 
81 l.U. ~ ~ O.04~ 1.015296 
611 C.3: 5: 1100 trunk, 100 arms, .97 I""s ~ 0.398111 1.123414 
.
891 ~ ~ 1100--,eg,37~ ~ ~ 1. 
265 O.U' 14 1100 feet, 22.52 legs ~ O. 1.011482 
.258 U.V:: ~ 11oo~t,~ ~ ~ LO!9103 
~16 : lel = OLelo ~ Not: i 
I 
~ lelu ~ 1% ~OdY~ar IT,la=~ 1 cia lIeli I~el 
8 O.U' 12 133.29 trunk ~ 1.015296 
1.11 ~ 1.181414 .JJ.i 1.4! 81 11 00 legs~ trunk, 9! 1.33_a~ --'il11482 265 U.l ~ 11m~eet,~ ~ 
258 O.!!, ~ 11 00 fee~ 0.38 legs ~ 1.019103 
449 : lel = 0.73 elo, t~ lel = 0.45e~~ 
:No ~ ~ %!lady part ~,cla ~ "Cl 
12 ~~ ~ J.c ~ 23 ).04 ~ 1 """"" 1. 84 ~ ~ 
103 O.lO ~ 1100Ieg,37:~ ~ 1. 
1.007661 ~ O.U' -'- 1100 feet, 0.3~1~9s_ ~ O. o,p2 
-'-
1100 feet, 0.38 legs ~ 0.0247~ 1.007661 
daily wear 2 
I 
I 
1104 . IcI = 0.63 elo, fel = 1.13 cl = O.65d ,fel=1.14 
I 
IN lelu I%Aeov 1% Body par lit, la =0.62 Icl; lFel 
I 
8 0.04 12 ~~k~~1.75 arms 0.66 ~ 77 0.19 43 0.81 1.01' 
97 0.08 ~ ,41.13Ieg. 0.7 1. 136 0.23 100 arms, 70.93 trunk 0.85 1.086621 
265 0.03 14 100 feet, Z ~.52Iegs O~ D. 1.011482 260 0.03 7 100 feet, 0 381090 O. O. 1 
105 lel = 0.71 elo, fel = 1.17 : lel = 1.0elo, fel=1.18 
I 
:No itelu % Aeov % Body par lit, la =0.62 ileli IEel 
I 
1 0.03 10 27.74 trunk 0.65 OD~ 1.011482 
75 0.25 51 100 trunk, 100 arms, 4.8 legs 0.87 0.3C 11 _1.U~4Ul 
98 0.17 25 133.Z9 trunk, 41.13 legs 0.79 O. 1. 
146 0.22 25 80.44 trunk 0.84 1. 
267 0.06 20 100 leet, 41.51 legs 0.66 O.O~ 1. 
260 0.03 7 100 feet, 0.38 legs 0.65 0.03~ 1.011482 
1,109 lel = 0.72 cl ,lel=l.l~ lel = 0.82 elc lel = 1.15 
I I 
:No Ilelu % Aeov 1% Body part It, la =0.62 Ileli Fel 
I 
1 0.03 10 27.74 trunk 0.65 0.1 1.011482 
77 0.19 43 100 trunk, 51.75 arms 0.81 D.Z 518 1.07177 
102 0.15 45 100 leg, 37.14 trunk 0.77 1. 
135 0.25 44 100 arms, 84.80 trunk 0.87 11 1.U~4Ul 
265 003 14 100 feet, 22.52 legs 0.65 
.. (),03' 1.011482 
260 0.03 100 feet, 0.38 legs 0.65 0.' 1.011482 
I 111 lel = 0.62 cl ,lel=l.le lel = 0.55 elc, lel = 1.12 
I 
:No lIelu % Aeov 1% Body par It, la =0.62 Ileli IFel 
I I 
daily wear 2 
1 0.03 10 127.74 trunk 0.65 1,011482 
141 0.13 28 n.67 trunk 0.75 151 0.1591 1.049337 
. 102 O.~ 45 100 lea, 37.1.4 trunk o.n 0.183: ~3 ~ 139 0.17 34 75.00 trunk, 49.67 arms 0.79 
260 0.03 l 100 feet, 0.3!! legs 0.65 O.03-(u"" 1.011482 
I 113 IcI.= 0.95 cia, t<:L=.1 .. 2' ; : lel = 1.23 cia, fcl = 1.19 
I 
:N Ilclu I%~av % Body par [It, la =0.62 lel; F~ 
I 
8 0.04 12 13~~ 0.66 ~ E 30 0.06 40 1100 trunk. 29.41-"rrns 07 75 0.25 51 1100 trunk, 100 arms, 4.8 legs 0.87 
103 0.26 45 1100 leg, 37.14 trunk 0.9 .105075 
135 O~ 44 1100_arms, 84.80trunk 0.87 ~ 1. )94017 265 0.03 14 1100 feet, 22.52 legs 0.65 1 )11482 
26C 0.03 7 1100 feet, 0 38 legs 0.65 0.( 1 
114 lel = 1.01 cia, fel = 1.2e ; . el = 1.38 el, ,fel = 1.23 
I 
:No llelu I%Aeov 1% Body par lit, la =0.62 Ilel; Fel 
I 
8 0.04 1 : 133.29 trunk 0.66 0.04934 1.015296 
30 0.08 40 1100 trunk, 29.41 arms 0.7 ~~ 75 0.25 51 1100 trunk, 100 arms, 4.8 legs 0.87 ~ 103 0.28 45 1100 leg, 37.14 trunk 0.9 
-Ws ~ 45 1100 trunk ,66.84 arms 0.98 1.134: 366 14 1100 feet, 22.52 legs 0.65 O. .lO11, 482 
260 0.03 7 18legs 100 feet, 0.: 0.65 1.011482 
I , 115 lel = 1.06 cl ,fel = 1.2£ ; el = 1.39 cl, ,fel = 1.21 
I 
: No Ilelu 1% Aeov % Body part It, la =0.62 lel; Fel 
8 0.04 1: 33.29 trunk 0.66 1.015296) 
27 0:15 44 100 legs, 34.37 trunk O. 7 1. 
30 0.06 40 100 trunk, 29.41 arms 0.7 .~ 75 0.25 51 100 trunk, 100 arms, 4.8 legs 0.~7 
103 0.28 45 100 leg, 37.14 trunk I 0.9 1. 
daily wear 2 
146 0.22 25 180.44 trunk 0.84 
265 -0:0 14 1100 leet. 22~52Ieas 0.65 
260 0.03 7 1100leel.0.38legs 0.65 
IEr , 120 Icl = 1.02 clo. fe! = 1.28 : Icl = 1.37 cl •. fcl = 1.20 
I 
IN :Iclu% Acov 1% Bodv Dart lit. la =0.62 
. 
8 . 0.04 12 133.29 trunk 0.66 
0.267472 
0.037038 
Icl; 
1 
1.0114821 
1.011482 
IFcl 
r-__ ~ __ ~~~~ ____ ~-~ __ ~(f~.1~5 ____ +-__ ~44~ ____ +1~COO~III~oas .. ~~3~7'~~~+-__ ~~ __ -+ __ ~o~, .. n~ ____ +~~O~l~~ 
vU 0.08 40 100 trunk. 29.41 arms 0.7 J-:098342 
1.015296 
1. 
1. 
1.138008 
1.105075 
1.011482 
148 -0. 4; 100 trunk. 81.53 arm 0.99 
103 O. 4~ 100 leg~ J.9 
265 0.0 1· 100 feet. 22.52 leas 0.65 0.037038 
260 -0]3 7 100 feet. 0:38 loas 0.65 1.011482 
,447 Icl. fe! = 1.27 : cl = . fcl = 1.19 
t N liCiU 1% Acov 1% Bod'pa. lit. la =0.62 Ilcli 
2< 0.04 12 133.29 trunl 0.66 1. 
31 0: 40 1100 trunk. 29:4fiim1S 0.72 0.12272< 1. 
78 0.26 51 1100 trunk. 100 arms. 4.8 leas 0.88 O~ 1.U>J1fU<l 
96 6.19 45 1100 100 .. ~14 trunk I 0.81 18 1.071nl 
254 0.02 7 1100 feat. ~ogs I ( 64 ~ '--r-_-_-_-_rL-_-_~~1~~:====:==0:~~::====:===:39:====~18:5; .. 0~)~:~~~[~~~_LI ____ ~ __ _L __ ~(91~ __ ~~CO~.3501~ ____ ~5E·.~ 255 0.02 7 1100 feet. 0.38 loos I 0.64 0.024: 
daily Vlear 3 
I I I 
I I I I 
,110 lel = 0.96 cl ,fel = 1.2:: lel = 1.07 ela, fel = 1.19 
I 
:N Ilclu %Acov % Body jJ3rt lit, la =0.62 I!el; IF_cl 
I 
8 0.04 12 ~~OO arms, 4.8 legs 0.66 1 75 0.25 51 0.87 1.094017 
ID: 0.15 45 1001"", 37.1~k_ I 0.77 I 
151 0.36 52 100 arms, 90.0 trunk, 13.05 legs 0.98 1.134366 
26! 0.03 14 100 feet, 22.52 legs 0.65 1.011482 
260 0.03 7 100 feet, 0.38 legs 0.65 0.' I 
I ,16 lel = 0.86 e ,fel = 1.25 ; ~ot I 
I 
N ,Iclu % Aeav 1% Body part lit, la =0.62 !Iel; IFcI 
I 
8 0.04 1: 133.29 trunk 0.66 1.015296 
o , 
o 
75 0.2! 51 1100 trunk, lOO arms, 4.8 legs 0.87 ~ 1.09401 .21 45 00 leg. 3714 trunk 0.9 I. 162 0.1 21 158.25 trunk 0.79 I.LU(4b~ 1.06431 
265 0.03 14 I I 00 feet, 22.52 legs 0.65 0.' 1.011482 
260 Jl,Q3 
-'-
I I 00 feet, 0.38 leos 0.65 1.011482 
1,117 Icl = 1.16c1 ,fcl = 1.31 Not ; 
I 
:Na 'Iclu % Acov % Body part It, la =0.62 Icl; 'FcI 
8 0.04 1: 33.29 trunk 0.66 1.015296 
30 2 08 ~ lOO trunk, 29.41 arms 0.7 ~ ~ 75 0.25 51 100 trunk, lOO arms, 4.8 legs 0.87 
103 C.28 45 10 leg, 37.14 trunk 0.9 ~~ 1.1OS' 162 , 0.17 ~ ~11.25 trlJ/1!( ,0.79 O. 1.064 157 0.44 50 1110 arms, 90.0 trunk, 13.05 legs 1.06 0.5271 1.163 
265 0.03 14 100 feet, 22.52 legs 0.65 1.011482 
260 0.03 7 100 feet, 0.38 legs 0.65 1.011482 
, 118 lel = 1.13 cia, fcl = lcJ.2 -'cl = 1.46 cla,fcl = 1.24 
I I I I I 
IN 
a 
3( 
75 
102 
157 
_~5 
26C 
119 
! 
lIelu 
O.~ 
~ 
0.25 
. LO 
0.44 
~ 
0.0: 
j~ 
:lel=I.14c1 ,fel=I.34 
daily woar 3 
I 
133~trunk 
1100 trunk, 29.41 arms 
1100~nI<'~~ 
1100 leg, 37.14 trunk J . 
!1~ SO.O trunk~l.gs 
100 feel, 22~egs 
1100 feel, 0.38 legs 
tI'lo ~ I % Body part I'~ 
~ 
0.7 
~-' 
0.9 
: cl = 1.57 elo, fel = 1.26 
Ilel; 
O. 
-~ 
Ilel; 
147 l.Lt> ~ 1100 anns, 93~trunk ~ 0.315l!lZ 
I ___ -+ ___ ~1CO~3~----~~0~ .. ~----~--~ 't ___ -+l~0ICO~)I~egl,,3~7'.~114~tr'lun~k~~~~--_t---iOJf···5 r----=t~~~.~~ I- 159 0.48 lOO~~ ~Iegs 2: ~7~ 
~ UJO 100re~,41~ ~ O( 
26C o.m 7 1100 feel, 0 38 legs 0.65 
29 lel = 1.30 elo~ 
lFel 
1.01529~ 
1 
1. 
1. 
1.0114821 
L01~1 
lFel 
1.011.48' 
1. 
~ 
1. 
1.011482 
I ""; lFel Il'I<l. ~ l"ib~ I%~dy pa' "-" 
I 
a 0.0' 12 133.29~ ~ _1Jl~ 
~" ~ l1oolegs,34~k ~ 0.183~ 1. -~f 0.01 4( lOO lrunk, 29.41 arms 0.7 ~:094017 
~ 0.03 14 ilOO~22.52Iegs ~ :J-----+--il-i.0)~.111~482 
.260 u.u.> ..!.. I I 00 feel, 0.3!l11>g-"- 0.03: 
m 
I 
I No 
.1 
lIelu 
: lel =.0.93 elo~ 
~Aeov 
: Nol 
I'~ Ill, la =u.o. lIel; IFel 
Cl , 
N 
8 
5~ 
8~ 
16~ 
112 
~ 
0.3:j 
B 
51 
: Icl = 1.01 cl ,fcl = 1.2:3 
daily wear 3 
133.29 trunk ~ 
1100trunk.JOO arms~legs 
1100 leg, 37.~~ ~ 
1100~90.0trunk~l~ 
1100 feet, 22~ 
1100 feet, 0.38 legs 
t No ~ 1% Body part I%~ 
0.95 ~1 
0.219: 
O. 
0.67 
: \jot i 
Ilcli 
1 
1.123414 
1.068045 
1.148911 
1.011482 
1 
I~c, 
04 12 'Un~ ~~ ____ +~7C 1 
~ ~ 1100~, 22~ ~ l' n'Q'n, ~~~ cuo 7 100, I legs 0.0616~ "~'~'W 
e 
~ 
89 
172 
~ 
'258 
'14 
I 
t No 
~ 
265 
258 
Iclu 
Iclu 
U.l 
: Icl = 0:9Lclo~ 
~Acov 
12 
~ 
: Icl = 0.78 clo~ 
~Acov 
. o,Qi 
0.3 
O.J. 
o. 
~ 
45 
..2! 
1% Bodyj>2l' 
I 
Ll00~00 arms.c.":.'C'egs 
1100 leg, 37. ~ ~ 
1100 anns, 90.0 trunk, 13.05 legs 
1100~ 22.52 legs 
1100 feet. 0.3~ 
I%Bod~ 
I 
133.29 trunk 
1100_lnm", ~~Iegs 
1100 leg, 37.14 trunk 
15~"-
1100 feet, 22~legs 
1100 feet, 0.38 legs 
: Not 
lit. la =0.62 
lit, la =0.62 
Ilcli 
0.398111 
0.21.§J!:i 
O.06~ 
Ilcli 
~ 
0.21!l!j 
0~51 
0·03Z0~ 
IFcl 
1 
~ 
1.17061; 
1.01148; 
1.01910, 
IFcl 
1 
1.01148. 
1.019103 
daily wear 3 
I I I -r 
Ensemble 444 Measured: lel = 1.11 cia, fel = 1.41 Predicted: Not predictable 
I 
Garment No lelu %Acov % Body part It la =0.62 leli Fel 
I 
23 0.04 12 33.29 trunk 0.66 0.04934 1.015296 
31 o. I 40 lOO trunk, 29.41 arms 0.72 0.122723 1.038044 
72 0.15 51 lOO trunk, lOO arms, 4.8 logs on 0.183343 1.056836 
96 0.19 . 45 100 legs, 37. I 4 trunk I 0.81 0.231518 1.071771 
160 0.32 50 100 arms, 90.0 trunk, 13.05 legs 0.94 0.386308 1.119755 
162 0.17 21 58.25 trunk 0.79 0.207465 1.064314 
254 0.02 7 100 feet, 0.38 legs 0.64 0.024714 1.007661 
255 0.02 7 100 feet, 0.38 legs 0.64 0.024714 1.007661 
Ensemble 445 Measured: lel = 1.49 cia, fel = 1.49 Predicted: Not predictable 
I 
Garment No Iclu % Acov % Body part It, la -0.62 leli Fcl 
I 
o , 
23 0.04 12 33.29 trunk 0.66 0.04934 1.015296 
31 0.1 40 lOO trunk, 29.41 arms 0.72 0.122723 1.038044 
72 0.15 51 100 trunk, 100 arms, 4.8 legs 0.77 0.183343 1.056638 
96 0.19 45 100 legs, 37.14 trunk I 0.81 0.231518 1.071771 
162 0.17 21 58.25 trunk I 0.79 0.207465 1.064314 
184 0.65 71 lOO arms, 100 trunk, 68.08 logs 1.27 0.7694 1.238514 
160 0.32 50 100 arms, 90.0 trunk, 13.05 legs 0.94 0.386308 1.119755 
254 0.02 7 100 feet, 0.38 legs 0.64 0.024714 1.007661 
255 0.02 7 100 feet, 0.38 legs 0.64 0.024714 1.007661 
Ensemble 450 Measured: IcI - 1.37 cia, fcl = 1.41 Predicted· Not predictable 
I 
Garment No Iclu % Acov % Body part It, la =0.62 Icli Fcl 
I 
28 0.1 44 100 legs, 34.37 trunk 0.72 0.122723 1.038044 
37 0.16 48 95.0 arms 97.76 trunk 0.78 0.195413 1.060578 
78 0.26 51 100 trunk, lOO arms, 4.8 legs 0.88 0.315187 1.097708 
96 0.19 45 lOO legs, 37.14 trunk I 0.81 0.231518 1.071771 
140 0.29 39 85.0 trunk, 62.23 armsl 0.91 0.350813 1.108752 
160 0.32 50 100 arms, 90.0 trunk, 13.05 legs 0.94 0.386308 1.119755 
256 0.051 7 100 feet, 0.38 leos I 0.67 0.061622 1.019103 
daily wear 3 
2551 0.021 71 1100 feet, 0.38 legs 0.641 0.0247141 1.0076611 
I:) 
, 
daily wear 4 
1 1 
1 1 1 1 1 
Ensemble 130 Measured: IcI = 0.54 CiD, fcl = 1.26 Predicted: Icl- 0.50 ciD, fcl = 1.12 
1-. I 
Garment No Iclu %Acov % Body part It,la =0.62 Icli Fcl 
I 
1 0.03 10 27.74 trunk 0.65 ·0.037038 1.011482 
_. 
.-
3 0.02 51 100 feet, lOO legs, 34.70 trunk 0.64 0.024714 1.007661 
-. 
77 0.19 43 100 trunk, 51.75 armsJ 0.81 0.231518 1.071771 
-_ .. -
304 0.14 35 33.29 trunk, 72.76 legs 0.76 0.171256 1.053089 
_. 
.. 
272 0.02 4 58.14 feet 0.64 0.024714 1.007661 
---
. 
Ensemble 131 Measured: Icl = 0.67 CiD, fcl = 1.29 Predicted:.lcl = 0.70 CiD, fcl = 1.14 
1 
--. . 
. 
_ .. _ .. -
Gart!1ent N~ ____ Iclu % Acov % Body part 11, la =0.62 Icli Fcl 
-- _. 
-_. 1 
----
I 0.03 10 27.74 trunk 0.65 0.037038 1.011482 
_.---_. 
-
. 
" --_. -.-;; 0.16 40 80 trunk, 35.31 legs 0.78 0.195413 1.060578 3 0.02 51 100 feet, 100 legs, 34.70 trunk 0.64 0.024714 1.007661 
75 0.25 51 100 trunk, 100 arms, 4.8 legs 0.87 0.303281 1.094017 
-_ .. 
304 0.14 35 33.29 trunk, 72.76 legs 0.76 0.171256 1.053089 
-_. 
272 0.02 4 58.14 feel 0.64 0.024714 1.007661 
.!'.nsemble 135 Measured: Icl = 0.57 CiD, fcl = 1.29 Predicted: Icl = 0.62 ciD, fcl = 1.15 
----
. I 
Garment No Idu % Acov % Body part It, la =0.62 Icli FcI 
... 
I 
I 0.03 10 27.74 trunk 0.65 0.037038 1.011482 
. ... _--
3 0.02 51 100 feet, 100 legs, 34.70 trunk 0.64 0.024714 1.007661 
.. ..• 
66 0.27 46 100 trunk, 74.09 arms 0.89 0.327077 1.101394 
.. 
308 0.14 35 33.29 trunk, 72.76 legs 0.76 0.171256 1.053089 
. -
272 0.02 -~ 1-. 58.14 reet 0.64 .0.024714 1.007661 
-
--_. 
Ensemble 136 Measured: Id = 0.78 clo, fel = 1.32 Predicte_~~ Icl = 1.16 clo, fel:: 1.20 
1 %Aco~-Garment No Iclu % Body part It, la -0.62 Icti Fcl 
. - -_._- .--
_._.- - ... - . --_.- -_._--
----1. ____ -
-----
_._-,-r---- --_._-_.- -------- 1---- ----_ .. 1 ... -. 0.03 10 27.74 trunk 0.65 0.037038 1.011482 
------
---_._-
------
.. _--
---. - ...... - 40 _.,,------ 80 trunk, 35.31 legs - ---.- 0.78 0.195413 1.060578 5 0.16 
daily wear 4 
75 ~~ 51 '100 tr~~legS 0.87 O.~ 17 312 0.26 35 33.29 trunk, 72. , legs 0.88 0.315' 1.u~({08 
267 0.06 20 100 feet, 41.51 legs 0.68 O. 1 
_260 0.03 7 100 feet, O.38le.9" 0.65 O. 1.0114821 
,145 lel = 0.520 ,fcl = 1.2i lel =0.51 cle, fel = 1.12 
I 
1- t ~ lIelu 1% Aeov I'l& BodV part lit, la =0.62 lIel; IFel 
1- 0.03 10 127.74 trunk 0.65 1 1-- -~ ~ 51 00 feet, 100 legs, 34. trunk 0.64 O. 
67 0'21 3E 195.0 trunk, 13.05 armsl 0.83 1 1---' . 30E 0.14 34 133.29 trunl , 69.60 leg' 0.76 0.171256 1 1--- .. 27, ~ 4 158.14 feet 0.64 O. 1.007681 1-,-
1---
, 146 lel = 0.62 cl '. fcl = 1.3! 11 = 0.57 cl' , fel = 1.13 
-
I 
lit, la =0.62 Ilel; IFel : No ,Iclu % Aeov % Body part 1--' 
I 
o.u, 10 17. 74Jrunk 0.65 O~ 
" 
0.0, 51 1100 feet, 1 OQ.le~ '0 IrlJrlIc. 0.641 )O~ ~ -~. 
68 0.1, 30 183.22 trunk 0.75 11.51 1.04933i 1-··--- 30C 0.2, 45 ~ legs, 37.14 trunk 0.85 1.08662' 
'..1.72 0.0, 4 lJ4 feet I 0.64 0.024714 1.00766' 
" 
, 
--·--~----_tL-----t-----+----~----~----r----+----+---
1 
Ensemble 132 
1 
Garment No 
4 
3 r-------~----~7~7~----4---~~------~--~~·-----+~~~~~~~~~-+------+---~~----~-7~~~-----+~~~ 
304 
136 
___ .. ______ ~7~2+-----1---~+_----+_--~~· 
_______ En_S_e_m_b~J.::3",3 ___ --F'==::::"r-~==;:'-"''-=+---+----I----I'c.:.::= 
___ . __ -rG=a~rm~e~n~t,N'To ___ 4~~ __ +-__ ·-I~~~-+ ___ ~~~~T-__ ~r-__ 
3 ~ --·---·---~14~1~-----1--~~---~---~~----~~~~~~~~~~ 
r---------3~0~7j------I---~~-----~----~----~~~~~~~~----+------t--~~------~~~~----_r~~~ 
139 
272 
Ensemble 137 Measured: IcI - 0.92 cIa, fcl ::: 1.29 Predicted: IcI = 1.30 clo, fcl = 1.22 
1----I"G"'arment No % Body part 11, la =0.62 Icli Fcl 
1 
.• 
Iclu % Acov 
-27.74 trunk 0.65 0.037038 1.011482 
.. -
100 trunk, 100 arms, 4.8 legs 0.87 0.303281 1.094017 
-_ ... 
33.29 trunk, 72.76 logs 0.85 0.279424 1.086621 
-_ .. 
100 trunk, 66.64 arms 0.98 0.433439 1.134366 
._-
267 0.06 20 100 foel, 41.51 logs 0.68 0.073882 1.022903 
100 foot, 0.38 logs 1-------r--~2~60e~-----r--~0~.0~3r_~---~----~7+_----_f~~~~,~-+_--- 0.65 0.037038 1.011482 
1-___ -1-"E~ns:.::e::.m:.::b::::e"_l .;:13",8'-_-'I"M"e",a",su",r",ed",:-;:lc",I_=-"0",.8",3:.:c",lo""-'Cfc,,,I_-_1".2"'7,' ____ I-__ -+ ___ -f-P.:..red=ic,,'e=d·. "l;::cI:..=_I"."'08:=cITo,,,f,,cl:..=.-.:c1.,,1"'8j-__ -f ___ -+ ___ -t-____ 1 
---. ·---I";;G-'-.r-m-eC:-nl;-;NC~'-----1 "Ic-,-Iu---- -----j'-%-A-C~-- -------t;oA;;-o-;B"o-:;d-yl~-pari--- ----.. 1.1----11"11", 1".-="'0"'.6=2+-----lo-lc..,li---I---- I'F~c-'-1 ---I 
daily wear 5 
I 
1 0.03 10 27.74 trunk 0.65 0.( 1.011482 
4 0.14 32 80 trunk. 10.010<15 0.76 0.171256 ~ 3 0.02 ~ 100 feet, 100 legs. 34. '0 trunk 0.64 0.024714 
75 0.25 51 '100 trunk. 100 arms. 4.810<:15 0.87 ~ 1.09401 305 0.23 ~ 33~29 trunk,72.76 legs 0.85 1.08662' 
1- 135 0.25 44 100 arms, 84.80 trunk 0.87 .gl~ 260 0.03 
.!. 100 feet, 0.38 legs 0.65 1.011482 
139 : IcI = 0.B5 elo, fcl = 1.21: cl = 1.03 ele . fcl = 1.20 
t ~ 10 Ilclu ~Aeov. 1% Body part lit, la =0.62 Ileli IFel I--- I 
1 0.03 .J.Q 127.74 trunk ~ 1.01148< 5 0.16 .'le 180 trunk, 35.31 legs 0,195413 1.060578 
3 0.02 51 1100 feet, 100 legs, 34. '0 trunk 0.64 0.024714 1.007661 
o 
148 0.37 47 100 trunk. ~-¥. .3 arm 0.99 ~ 309 0.22 ~ 3329 trunk, !.76 legs ~ ~ 26C 0.03 7 100 feet, 0.38 legs 1.01 
, 
00 
, 141 :lel=~I~ lel=1.18d ,fcl=1.2Cl 
I 
t No lIc1u 1% Aeov 1% Bodv cart lit, la =0.62 Ilell IFel 
I 
1 0.03 1C 127.74 trunk 0.65 1.011482 
7, 0.25 5, 100 trunk. 100~ 7.97 legs. 0.87 ~ 1.09401 30, 0.22 .~ 133.29 trUrlk;72. 5 legs (J.84 1. 
14E 0.22 2" 180.44 trunk 0.B4 O. 1. 
267 0.06 20 1100 feet. 41.51 leas ~ o~ 1 260 0.D3 J. 1100 feet, 0.38 legs Jl., TOi1482 
Cl 
• 
-a 
-
I 
I 
•131 
3 
4 
74 
304 
156 
272 
,40 
tNo 
1 
3 
2,4 
312 
159 
_.260 
1·142 
I 
lel = 0.99 cl fel = 1.30 
Ilclu % Aeov 
0.03 10 
0.02 51 
0.1.4 32 
0.25 52 
1.14 35 
1.36 5.0 
1.0: 4 
. 
le! = 1.05 cia, fcl = 1.3, 
Ilelu 1% Aeov 
0.03 10 
0.0: 51 
0.25 5~ 
0.26 35 
0.48 50 
0.03 7 
IcI = 1.02 cl ,fel = 1.~ 
dai~y wea~ 6 
% Body par 
I 
17.74 trunk 
IHlO feet, 100 legs, 34. '0 trunk 
IBO_tru~O.O leJl~ 
1100 trunk, 100 arms, .97legs 
133.29 trunk, 72.76 legs 
1100 arms, 90.0 trunk, 13.05 leg. 
158.14 feet 
1% Body part 
I 
27.74 trunk 
100 feet, 100 legs, 34.70 trunk 
100 tru-"k, 1 00 arms, '.97 legs 
33.29 trunk, 72.76 legs 
100 arms, 90.0 trunk, 13.051egs 
100 feet, 0.38 legs 
I 
I 
: el=0.68el.,fel=1.15 
Ill, la =0.62 
0.65 
0.64 
0.76 
0.87 
0.76 
0·ll8 
0.64 
: cl = 0.80 ell , fel = 1.~ 
: ~ot I 
lit, la =0.62 
0.65 
0.64 
0.1l7' 
0.88 
1.1 
0·Ei5 
. 
Ilel; 
O. 
0.024714 
g~ 
0.17125< 
o 
O. 
leli 
lFel 
.1.011482 
1.007681 
1. 1~ 
1. 
1.134366 
1.007661 
IFel 
1.01148.2 
0.024714 1 
~,;,r--+.,;.:;1.1'~ 
0.315187 .0977C 
O. Un8' 
O. 1 
Ilelu 1% Aeov t No % Body part lit, la =0.62 lel; Fel 
I 
1 0.03 la 27.74 trunk OEl5 037038 1.011482 ~ __ ~-__ --_~4~_-_'-_-~;3t====~==jO~I.I.0~:t====~===~5;lt====~l~ootl~teit,~ll'oo~o?'leg ~S~,3~4.to~ltr~un=k= 1-----+-~0~1 .. 6~4----4~0~, .. 0~241:7~'14~--~~1~ .. 00~77~,6~~ 
75 0.25 5 100 trunk, 100 arms, 4.8 legs 0.87 11 1.0940 
T~; g~ ~';~;:~~~:' 7276legsl -Ws g~~----t-;~~~. 
157 0.44 50 100 arms, 90.0 trunk, 3.051egs 1.06 0.1 
260 0.03 7 1100 feet, 0.38 legs 0El§ 0.' 1.011482 
I 143 lel = 1.12c10, fel = 1.33 : lel = 0.82 cia, fel = 1.18 
I I 
~ 
N 
o 
- .. 
-'-
--
Garment No 
1 
4 
3 
75 
305 
135 
157 
260 
Ensemble 144 
I 
Garment No 
.. _-----
1 
3 
75 
305 
157 1--
260 
Ensemble 147 
Garment No 
1 
3 
74 
301 
157 
260 
lelu % Aeov 
0.03 10 
0.14 32 
0.02 51 
0.25 51 
0.23 35 
0.25 44 
0.44 50 
0.03 7 
Measured: IcI = 0,97 cia, fel = 1.32 
tctu % Aeov 
.. 
0.03 10 
0.02 51 
0.25 51 
0.23 35 
0.44 50 
0.03 7 
Measured: IcI = 1.10 cia, fcl = 1.46 
letu % Acov 
0.03 10 . 
0.02 51 
0.25 52 
0.28 45 
.-. 
0.44 50 
0.03 7 
daily wear 6 
% BodLl"'rt It, la =0.62 leli Fel 
I 
27.74 trunk 0.65 0.037038 1.011482 
80 trunk, 10.0 legs 0.76 0.171256 1.053089 
100 feet, 100 legs, 34.70 trunk 0.64 0.024714 1.007661 
100 trunk, 100 arms, 4.8 legs 0.87 0.303281 1.094017 
33.29 trunk, 72.76 legs 0.85 0.279424 1.086621 
100 arms, B4.80 trunk I 0.87 0.303281 1.094017 
100 arms, 90.0 trunk, 13.05 legs 1.06 0.527076 1.163394 
100 feet, 0.38 legs 0.65 0.037038 1.011482 
Predicted: lel = 0.76 clo, fel = 1.18 
% Body part It, la =0.62 Icli Fel 
I 
27.74 trunk 0.65 0.037038 1.011482 
100 feet, 100 legs, 34.70 trunk 0.64 0.024714 1.007661 
100 trunk, 100 arms, 4.B legs 0.87 0.303281 1.094017 
33.29 trunk, 72.76 legs 0.85 0.279424 1.086621 
100 arms, 90.0 trunk, 13.05 legs 1.06 0.527076 1.163394 
100 feet, 0.38 legs 0.65 0.037038 1.011482 
Predicted: IcI = 1.53 clo, fel = 1.24 
% Body part It, la =0.62 Icli Fel 
I 
-27.74 trunk 0.65 0.037038 1.011482 
100 feet, 100 legs, 34.70 trunk 0.64 0.024714 1.007661 
100 trunk, 100 arms, 7.97 legs 0.87 0.303281 1.094017 
100 legs, 37.14 trunk I 0.9 0.338952 1.105075 
100 arms, 90.0 trunk, 13.05 legs 
--
1.06 0.527076 1.163394 
100 feet, 0.38 legs I 0.65 0.037038 1.011482 
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I 
Ensemble 149 
I 
Garment No 
1 
5 
3 
336 
----272 
'0"-----
Ensemble 150 
c;c-':'-~~-=-~T -
Garment No 
----r------- _ .. _-
1 
---
--_. ----
4 
-----_.- --_.-
75 
335 
267 
--------
260 
~rT1ble 148 
I 
Garment No 
1 
----3' -----
-----
----
5 
-----333 -_._-
. -.-------
._---_._-
136 
260 
~---Ensemble 151 
~_ I 
Garment No 
-...... -,1------
daily wear 7 
I I I I 
I I 
-
I 
Measured: IcI = 0.46 clo, fcl = 1.15 Predicted: Icl = 0.80 clo; fc! = 1.11 
Iclu % Acov % Body part It, 10 =0.62 Icli Fel 
-
0.03 10 27.74 trunk 0.65 0.037038 t.Ot 1482 
0.16 40 80 trunk, 35.31 legs 0.78 0.195413 1.060578 
0.02 51 
_.J,g9 feet, 100 legs, 34.70 trunk 0.64 0.024714 1.007661 
0.26 48 90.0 trunk, 49.21 leg"- 0.88 0.315187 1.09n08 
0.02 4 58.14 fe.t 0,64 0.024714 1.007661 
---
Measured: IcI:: 0.77 clo, fcl:: 1.26 Predicted: lel = 1.06 e~o, fel = 1.13 
.. .... _ .. _---
-'--b-o---lclu % Acov % Body part It, la =0.62 Icli 1-----' 
Fel---
----- ------r-~------ -------
- ,--- ._.---_ .. _- -_._ .. _. _._--- ---- ... _---
.. 003 -----'10 ----- --1--CJ:65 _ .. .. -27.74 trunk 0.037038 1.011482 
----Q14 ----------32: -_ .... ------- -_._.- ----- ----
- t.053089 80 trunk, 10.0 legs 0.76 0.171256 
~025 ~----51 100 trunk, 100 arms, 4'8Iegs:- 0.87 0.303281 1.094017 
0.27 48 90.0 trunk, 49.21 legs 0.89 0.327077 1.101394 
-
-
0.06 20 100 feet, 41.51 legs 0.68 0.073882 1.022903 
-- --
-----
0.03 7 100 feet, 0.38 legs 0.65 0.037038 1.011482 
- r--- ._-
----
.. ---~-;-- . 
Measured: IcI = 0.71 clo, fcl-l.21 r- -- Predicted: I~I = 0.77 clo, fcl :: 1.15 I 
Iclu % Acov % Body ~art It, la -0.62 Icli Fel 
- , ---
.. 
-10 ---' ---.~ 27.74 trunk 0.65 0.037038 1.011482 
51 --
~- .. - ----_ .. 0.024714 1.007661 0.02 100 feet, 100 legs, 34.70 trunk 0.64 
----
80 trunk, 35.31 legs .1, 0.78 0.195413 1.060578 0.16 40 
--
--
----_. 
0.350813 1.108752 0.29 61 100.0 trunk, 55.5 legs. 55.15 arms 0.91 
._-. 
-- . 
100 arms, 70.93 trunk r -0.23 39 1----- 0.85_ 0.279424 1.096621 
0.03 7 
-----
100 feet, 0.38 legs 0.65 0.037038 t.011482 
~. . - . .. _-_.----------.- _ .... _---
Measured: IcI = 0.93 clo, fcl = 1.25 Predicted: IcI = 1.04 clo, fel = 1.20 
- -
... 1-;:-;---- _. ---
Iclu % Acoy"" __ % Body eart It, la =0.62 Icli i'CT--
-----'_.-.:::::--- ._--- -
.. --
---_ .. _-,- -_ .. _--_.,.-- .~ .. ------
---'-' .------
--'0.65 . ---.---
- 0.037038 .. ----- ------ . 0.03 10 27.74 trunk 1.011482 
o , 
'" 
'" 
_._-
---
-----
._---
--------
-_. 
---
----
-_._-
----_.-
-- -- --
_._.- .. _-
3 
5 
331 
143 
I-- 260 
Ensemble 217 
I 
Garment No 
44 
3 
-----
----
339 
-_._--
-----260 
0.02 51 
0.16 40 
0.47 69 
0.31 39 
0.03 7 
.. -
Measured: IcI = 0.69 cia, fcl = 1.22 
Iclu % Acov 
---_. 
0.04 20 
0.02 51 
--
--
0.39 69 
---
0.03 7 
daily wear 7 
100 feet, 100 legs, 34.70 trunk 0.64 0.024714 1.007661 
-
80 trunk, 35.31 legs I 0.78 0.195413 1.060578 
100 trunk, 100 arms, 61.75 logs 1.09 0.561988 1.174216 
100 arms, 70.93 trunk 0.93 0.37449 1.118092 
--100 feet, 0.38 legs 0.65 0.037038 1.011482 
-. 
Predicted: Icl = 0.60 cia, fcl = 1.16 
.. -_.-
---
% Body part It, I. =0.62 Icli FcI 
--_.-
-----
1-
--
--
_. 
55.481 0.66 0.04934 1.015296 
----
--_. 
------100 feet, 100 legs, 34.70 trunk 0.64 0.024714 1.007661 
._--- --_.-
100 trunk, 100 arms, 61.75Ieg~ __ 1.01 0.468648 1.145281 . __ . 
-----
100 feet, 0.38 leQs I 0.65 0.037038 1.011482 
daily wear 8 
I I 
1 
I 122 : lel ' 0.99 elo, lel ' 1.39 lel, 1.08 clc, lel' 1.22 
1% Aeov : No IIdu 1% Body-<,art 11, la '0.62 licli IFel 
1 
_____ 1 ___ ~3-8----+-~0~ .. 0~4----+_--~1;2~----~'~~~~ lrunk 0.66 
3C 0.08 40 1 iOOtiUnk. 29.4~arrns fjJ 
--- ~3 0.39 44 lOO~nk,59.~arms 101 
-- 90 0.24 46 100 legs, 139.92 runl 0.86 
~ ~7.Ot----j-;~~~:1~4528~1 
0.291:161 
264 0.Q3 ~ 100 f~l, 22.5210gs 0.65 1.0114!j2 
1 ____ ._ _260 0.03 7 100 foel, 0.38 logs 0.65 O. 1.011482 
:====:~~~~1~23==~~~~~I~ell~'Il .. ~27'~d,}Ikll'J'1G.4~C=====t===~,=====~~~~leIII'J'1~ .. 5~6i,~C~",~kll~'1] .. 23 ~====~=====t===~=1======1 
1 ::~_~~~~t~NO====$llcI~U==~====$%~"A~eov~~====~=$%~B~ody,~part=====t====j====:=~IIJ,la~L'~0)~62====~II@[Clii===+====~F~CI===1 
--.. -.::::+===~~ 8====r==:jogl,,'0~4====+====:jl~:====~3~3, . 2;?19~L tr~.uun~kl;;;~;1====~===.=t:::::J0¥' .. 6~6====:t~~~====+~ 1:g , .. 01 1~'529~6 1-----~ __ .. _1--__ ~3Ct_-----I---.;c 01.'·B08 ____ -t-___ .~40----_I~ 1 00-<::tru"?nk .. ~29, . 4,=1._",="rms;t;;-=::-__ +-__ .. --j __ -;0,,, . 7:+-.. ~~ :. 
,~ . ____ .. _+-__ .-;;7:;t6 _____ .I_---;:oc:; .. 3 ~4 ____ -1 ___ "';:' 51f .. _ ... _-tl~OOtl1J~nk,:il"'OOC~' a",?rms"c"r 48-""" logs'--+-___ . 0.96 J.409901 '. 
'-' 102 0.15 45 100 log, 37.14 trunk ::t==jo~ .. 77~=====W0~ .. 1~833~43t~====tfl,.~~1 
153 0.39 44 100 trunk, 59.20 arms lJ>1. 0~~ ___ +-+1~'iO 
i=---=-~·==~=== ... ~~·,~9C~E=-=-===l-I=="3H~~'~Ff====r===~~*1-==-==1t-::~~~0~~C~:1'~~1"-;:'~22],,3··Th:592'··;7~'9~,.210~g·~trsu~nrk====jt===-:=E3~E'.~61651==fr~':·:19:=-13161===1il1O~91BI013148222 2f!2. 0.03 7 1001001,0.38 logs 0.65 O. 1.011482 
125 IcI, 0.96 cl ,Icl' 115 : el'1.16cl',lel'1.19 
1 1====~~~,~No====~II~cI~U==~====~I%~'A~cov~====~%~'B~OOy,~partc====t====~===.=~IIJ,I~aL'~00~.6:====~I@[Clii===+====~F~CI===1 
--1· .. -········"1-·--.. --1- .. -~~I-.. --I----·~I· -----·-1~~~,'1--·--····---1 .. ---· .. 1---- =1~~-~!t~~;t~~~~~jJ~~ . __ . _. ___ 1._. ____ ... 8~1 _ .. ... 1-- 0.04 12 33.29 trunk 0.66 1.015296 
75 0.25 51 ,100 trunk, 100 arms, 4.8 logs 0.87 1.094017 
1- ~ 0.15 § 1100 log, 37.14 tI1Jnk _1_ ... _ .... _0;.~c;lC771---t_~~~~1 1. 
_.:::: . __ i ___ ,-;;:·~;;;1"4'1 ______ + 0.49 81 '100 legs, 100 trunk, 99.33 arms J.~~::i 1··lll.111===I=~~'1·5851205E==1~18··1fr81.1~4IBl11.41 
""" 0.0: 14 looleol,22.5210gs_._. 0.65 0.( .... 1.011482 
._. . ~6()~1'-----"" _ 1__ 0.03 .7 1100 ~~I, 0.38 logs . _____ .. "-'0.6=51----1- .1 
.. -- .. ~.~_. II~ =';;;~~~,~';;,mi)i):~,1·F, F~-.::-. --~IM~a~~r'~" ..:;-', .1}1.:CJq,.5(j .. )~. d~o~,.}C!.e _~1_'.~_;1.~.2.2 . . ~8=1 _..._-:-_= .. __ ~_ ''''-' .. 133 c~r'('-1.:2Q.1 .... ------I .. --.-.. --.. I-.------. ; ___ . _ 
daily wear 8 
t ~ Ilelu 1% Aeov 1% BOdy pari ~ 
1--- \ I 
a 0.0. 1 133.29 trunkO:6€ 
41 0., 41 1100 arm.,9S:BS trunk 0-:82 
27 0.1 ~ 4' 1100 log., 34.37 trunk 0.77 
76 0.34 51 1100 trunk. 100 arms. .8100' (f96 
1- ~5 O.~ 5~ 1100 log., 64.88 trunk 0.92 265 O.O~ l' 1100 loot, 22.52 log. 0.65 
------~--~26(~------I-~0~--(0~~----~--~j,~----jl,1~OC~~loOlt.0~ .. 3~83~loo.~-:------+_----~-~6j~ .. 65 
1__ 134 lel = 0.75 elo, IcI = 1.2' lel=1.04el,lel=1.18 
0.243519 
0_183343 
6f 
IFel 
1.015296 
1.075491 
1. 
1. 
1.11242' 
1.01148, 
1.01148, 
I :=:=~'===~~~t~No=========I"~elllu=====j========tI%~i~Aeo~vt===:===I~%'~B~~Yl~part===== ______ ~----~Ii,tl,.I~al~='(0~) .. 6~2~-------II~lle~1i ___ ~ ____ -IFc .. e=~I' __ 1 
1-- -----I-----=I:----I---=+--+---;;l-;;\--------l==-:-----;lI---l-------+-----t-~d-----+----=-::-:="'1----. -~i'----- --%~--- 1--------:;: 4~11--- -ii~02~:U;;14 trunk--- -1--- -----':~~~.I.--- ~------- 1~:;~: 
___ _ ~=:= ___ ~d-··7 ~0~:==~==J:==fO) .. ~29i-=-=-·=-·~ ---~-:-I--=--=-=j"'5~1-=~-:=:=-:--~:111-"11C~,0~O)~ ar·~mt5.,"'-~ l1CIO~O)~ tr~un'~k-.,~-,~L.8Dll~ IOQ-~5:::~II==-=-=-=t===~0.-~91:=::-~=t~~it:======Ltl·~~1 
1 ______ 1 ___ ;2~54-----1--~ 0); ... :;;(02;;t ____ t-__ 7;t-__ E-lll00;;;:Jf:--z::oet,c-;" 0 )"" ... 3 ~8l= l.g.___ t-___ -+ __ -t-_O:-;;~~------+O:""f024~~---+-;-11.~.OC ~~)7~61 ? 1------ 255 0.02 1 1100 leot, 0.38 log. 0.64 0.024 1.0076 
~ :=_=_~_:=~~~12~9====~~~~le~II=~,OD)a~7'~e',~fu~II='Jll] .. ~~=====:j~=====t====~~~~~I~='Jll.~32!e~I:Tc~i~~~I~~18==:=~======~========t=======1 
I 
1------ t No Ilelu 1% Aeov 1% B~Y part lit. 1,,-;;0:62 Ifelf IFel 
I 1-----t---~2~3------~--n(on .. 04 a-----t---~1~----~1~331~ ... 2~9l~trunf-k----~----r-----l---n(0~.66-----+-~0) .. ~0493~4----~711.~011~5~~e 
..10 0.29 51 1100 arm •. lOO trunk .. 81100' (f91 0350813 1. 
1----. _ 91 0.26 4~ 100 leg,3Ti4irunk o:aa o:3i5i87 1 
1 ____ .. _ 151 O. 26 4-"'~1 _________ ~1-,,1 OO~)_= arm",,""'" 88,=-7'. 5~1-"-,,, trun""k_I-------- \-__ ._. --1-__ -'= 01.""".8ae _______ I--'0"'-3l~ 115~ 18"'7'-1-____ -1 1 
1 ___ . __ ~----~~4.1------I---~~fr---+--~t-------~ll~00)re~.t .. ~01 .. 3~81~11.~Q.~----t-----+--~CO~I..6~4j-----~0~.(02~4771~4 __ +_~1._;;.00~766~·j 
______ . ____ 1--.----=2551----1- 0, 7 1100 loot. 038 lOgs + _________ ~6_4 ______ --l_(-"O:C'-"O~24i~1141---------I- 1.007661 I 
.Iel = 0.98 c1o, lel = 1.29 : lel = 1.37 cl . lel = 1.18 1_ 1,435 
I 
1------·-=$~~t~NO==:===II~I·cI·~U==1=====:~I%[,~Aeov~1=:=::==I%BOOYpart ---.- =:::L<=;'-____ ~-- -1--- lit, la =0.62 _____ . __ tliCii""I~ ____ _j-----_I'IF.-e,. '1 ____ 1 
daily wear 8 
151 0.26 45 100 arm., 87.57 trunk 0.88 0.315187 1.097708 --"-r--~:--7i----254 0.02 7 lOO feet, 0.381.g. 0.64 0.024714 1.007661 
255 0.02 7 lOO f •• t, 0.38 legs 0.64 0.024714 1.007661 '---'--~~--'~-~~~I--~~-~r----~~~~~~~---'-r---'r---~~----j~~~+---~~~~ 
---.- -- Ensemble 423 
I 
Pr.dieted: IcI = 1.08~e",IOr' ",fe",I..:-:...l" . .:.1 ,,5 f---.----+-------j--------t--------j Measured: Id - 0.79 clo, fcl - 1.36 
Garment No lclu % Acov ~Of<c;o-;B;-od--;Y-'--p'art';-------t-------- ---.. ' f:lt:-cI--c0;-6;;;2~1·--·--~ai-- ---j------·~·FC7el -t="'c=~,------ cc=--.-.j----I===..:....-+----F==-=r----I'---.-... - __ . __ ... ,a = . 
I 
- --·--;;;;1----r--~C7I----_t__-___;c;;1---·_f;;;;_;;;;_=;L--_t__------ .. '---·-I---;;-;:;:-l------+--=-=c=-4----i "7-:-=-=1 
. ___ ... ___ ~ ______ ~0."'0:;.4 f__--+--~172f__----f.3"'3;c.29"'-:"tru"'n-"'k;.;;_;;=-,-.~c;-;-.--.j--.- 0.66 0.04934 1.015296 
_t--__ -;.;71 0.21 51 100 arms, 100 trunk, 4.811.gs -if------ f--_--'00'.8:;:3::r-____ -I--::0"'.2;:5::;:5"'5O:;c4='J-____ +-.;cl."'Oo;79;:2:;06071 
92 0.2 __ f ___ --'4;;5;t ______ r.l~00~leg=, 3:"7'-;;.1~4"'tr';'u7n:::k~I--. . ... ___ ~ ______ .f-':0"'.2"'4:o3::::5"'19"1-____ +-"1, '-::0o;75;:4~9~11 
____ .~~ ______ .. 0.21 _~ ___ . __ .-+1;;00;;::-;a",rm",'=;';c8",7".5",7,-'t",ru",n.c.k+ __ ._ ... _ . ___ .... ___ ~ __ .___ 0.255504 1.079206 
---- -==:.-;~-~ ----=--=- - .---~ -----------I-·---------';~~----_-_·==~;~~~f::~:~::~~~;~~:f::~~~:~--·-··,-------·- == .::-.------.. -... f-------"~'-'.-~::::1----.-·· .. ~-.-~;-:-;;: ---.- -+-~-;-~-~-; 
... ~bI8425'-'" ·M~asured:Ici·;oT1clo~~3s ..... -...... .-.. -"'" ... ---- predi~ted:.lei~ 1 08 ~o, fcl =-1.19=.":':"':. := ___ I _-= ::::---r--' --I--' ..... _ --.-Ic:-;::-=-;;;;;-I------ c---",,' -_ -_-++_---:....-=-.. --.j-=-o-~---
Garment No lclu % Acov % Bod3 part It, la =0.62 Icli Fel 
-- ---. 
I Cl ... - t----.-
Iv 23 0.04 
v, 71 0.21 
__ ~c:+ _____ + ___ -;I:712. ____ ._-t3:;3",.2=.:9:...tr:..:u:cn"k=.,---,-~~_. __ . __ .... 1----::0"'.6:;6+------1---;;,:;0"'.0"'4"'93;c4+-.----+-:1"'.0~1;;:5'"29",6" 
51 100 arms, 100 trunk, 4.81 legs 0.83 0.255504 1.079206 
113 0.49 81 1001.gs,100trunk,99.33arm. 1.11 0.585205 1.181414 
254 0.02 7 100 f.et, 0.381.gs 0.64 0.024714 1.007661 
255 0.02 7 100 feet, 0.381.gs 0.64 0.024714 1.007661 
daily wear 8 
I 
~ 0.04 1 133.29 trunk I 0.66 1.01529< 
7( 0.3 5 100 arms. 100 trunk. 4.81180s -0.91 13 1.10~ 
::.:~====~~91=====l-==0~) .. 2~E====+===~4====~~WO)~leg .. ~~~~41~tr.~~J~I~=+====.~~0~J..8~E====t~(04·3g1155~18l~7====~14··(W~n7~~1 ---- 150 0. 6 5 1100 arms. 100 trunk .651eas -0.8! 0:315187 1 
254 0.0 j 1100feet. 0~8legs 0.6' 0.024714 1.007661 
1-------I---=25~5r_----I.--~0~.021------r----~j-----+IH~100~Jf~eetl.~0~~l~lle~Os-+-----I-----+-~0~.6'~----f-!(0~.(0~247'l~4f----__ -+~11.~00776~611 
,424 : Icl = 0.91 cl '. fcl = 1.4( i Icl = 0.96 cl '. fcl = 1.16 
:~~~~~~t~~I====\II§CII~LU==~===rI%~Ok~OV==t====jl%~O~BOOYUfP~al====t=====j:====~~t~~~~~3D~~t=====jII~~Ir====t=====tI~~I==::.:l 
I 1~~::':=t===~2~'2====:~==jCOg.CO~4=====i===~1~2=====!13~3l.2~9'~tr~un~k~~~~J~D~~=~====:~t==(~O~ .. (GE=E====ti~~f=====EE~~ ---'- 21 0.21 51 1100 arms. 100 tiWik. 4.81 legs 0 8, 1. 
--I ....... ;-;9~'1-.-.--.· ... __ . _._,""O').:;21.---.- ....... -I----~45 1100 leg. 37.14 trunk I _ .. 0.8, 0.243519 1.07549 154 0.34 64 - - --- '1100 arms. 100 trunk. 45.93 loos .. '---. 0.96 1. 
'--1-- .--=:25-;41----.--1-. 0.02 7 1100 feet. 0.381eg5 0:64 o:0247i4 1.007661 
::::.:.::.: __ t ___ ~2~5~-------I---~CO~.02r-----r-----7~-----~lllO~I(0~feet~ .. OT~~ll~eos--~----~-----~--~O)~ .. 64 ~------+~0).~C02~447~71~4----~~1I.OC~~~76631 
~ 1:=·::.:··::.:::.:~IE~~1~4~20==::.:~~~:~IC~II=J'11.118~lC~I~.fcl~I~='lCI.3~1====:t=::.:::.:::.:~====~~~lcl~J=~'1.C.3~8l~CI~~~~~I~~·t===~=====t====~====: 
t No Ilclu 1% Acov 1% Bodv oart lit. 1.-;-0.62 Ilcll IFel 
I 
23 0.04 1, 133.29 trunk 0.66 1.01529E 
31. 0.1 4C J1OOtrunk,29.41 arms 0.72 0.122'23 .1. 
1--------1--.- 91 0.26 45 1100 leo. 37.14 trunk I 
1 ___ ._. __ 1 ___ .. _"1, 1]~I._· _____ 1-----..;; CO~.52~1----- I ___ ~ 81._. _____ ._11~ 1 OO~).; le':l!:Os~,. l~bO) t~nru~nk .. -9",!l;:!. .. 33 o!.!l ar'!'.m~~~s~1 
1 .- .254 0.02 1- 7 1100 feet. 0.38 legs . ..--1-----·---1---~ir-----I-.. --~~I-----I-------~-·-----~~~~~-4_----+_----
I ... -. __ 1-'-'---= 255'1 ________ + __ oO"".C02::1.-.----.-+-----7~1. _. ___ .. _II.!.lOC",~'-'. fe"e,t,:,." .. O".,~=l~ leOs_I--__ .. ___ 1------
1-,-"- .. -.-. ---i. 77.(:1----.--.. -. 0.29 51 ... 1100 arms. 100 trunk. '.81 legs _ 1.----- 0.91 0.35( l13 1. 
-0.88 1. 
T4 0:619946 1 
M4 0.024714 _1 
0.641 _______ ·I-~0~.CO~244~7'~114~1-----~-~1,.~OC~~766 
i=~:.=·.~§~~~~12~8===I~~~~ICII~=,Il.~05i@CI~O.}[~II=Jll~.31:=:====~::.:::.::=~::.:::.:::.:::.:~~~.$~~II=J'1]D20)}C~··IJ~Tc~II=~"G~~I=::.:::.:::.:::.:-~I=::.:::.:::.:::.:j==::.:::.:~~=::.:::.:::.:1 
I 
1---' t N Ilclu .% Acov ----r-:!%~, B~od~vl_ o~art----l---.. --+---.... llcllt,~ . al-;-~~(0c= .. 6:2 ~I ______ II=-dil __ --t _____ --fIF_c"'-I ____ .1 
daily wear 8 
113 0.49 81 100 legs, 100 trunk, 99.33 arms 1.11 0.585205 1.181414 
254 0.02 7 100 leet, 0.38 legs 0.64 0.024714 1.007661 
255 0.02 7 100 leet, 0.38 legs 0.64 0.024714 1.007661 
Ensemble 421 Measured: leI = 1.33 clo, fel = 1.40 Predicted: IcI = 1.59 clo, fel - 1.20 
23 0.04 12 33.29 trunk 0.66 0.04934 1.015296 
______ -+ __ ~70~----+_--0~.~29~---+_--~5~1,----_+1~00~a~r~m~s,~1700~tru~n~k,~4T.8~1~I~eg~s~~----.r_-~0~.~9~1r_--~-0~.~3~~~1~3+_---~1~.1~0~8~75~2~ 
94 0.28 55 loolegs,64.88trunkJ._ ,..---- .... _.r_-""'0"'.9+----~..;0<'.3;;:38iT._95~201 1.105075 
_ .. __ .-c--.m -"---,-' 0.26 '--_ ~ .~-.. 100 arms, 87.57 trun",,;!, ___ -:0"'.8,.,8;1----1--;:0"'.3"'1-;:5:;,18';;;7 __ .___ 1.097708 
-f----
254 
___ i __ -;;0-:.5;::2+ ___ . ___ ~71 ... _ 100 legs, 100 trunk, 99.33 arms _. __ .__ __1_.1_4 ____ +-:0"'.6;ilc:99~476,,1 . ______ 1.192183 
0.02 100 leet, 0.38 leg. 0.64 0.024714 1.007661 
_+ __ --=2.=55=1 __ . ____ ---'0".0"'2Oj ____ -i-___ .-:7_j_ __ _+l"'O"'O"'I"'ee"'t"', 0"'.3;::8=le"g."-_+----I---- 0.64 0.024714 1.007661 
Ensemble-4~~~2;;;2----lMeasured: IcI = 1.25 clo, Icl~ .-.:---. ----·~r---P;0diCt~d: Ic.,I-::=:-1~.·-;47'O __ ··-"_'lo"-, 7Ic-;I-=="'1=--."19"'1----+----
J -~G;ca-r-m-e-nt~No---·-·-+:--lc~IU---+----+~%:--A7c-o-v--r-·---~%~B:--o~d=--y'-,P'artL-----r-------+-----~I~t,-;la-=~0~.6~2+------+-lc~1i-----+-----~F:--c71---1 
-' 
_+ ___ ~20:t 0.03 12 33.29 trunk 0.65 0.037038 
71 -- 0.21 51 100 arms,l00 trunk, 4.81 leg. 0.83 0.255504 1.079206 
--.- .. - ---93------· 0.24 55 100 leg., 64.88 trunk -1--~-:-'_ 0.86 O?~ 1.090322 
---- .-- --1SI =----==-.. 0.26 45 100 arms, 87.57 trunk 1 -=r==~ 0.88 0.315187~-----t-71."'09"'77~0:;;-J8 
._____ 113 0.49 81 l00leg.,100trunk,99.33arm~~_.. 1.11 0.585205 1.181414 
1.011482 
,, _____ 1-',,_, 254 __ . __ .. __ 0.02 . _._~ __ . 100 leet, 0.38 leg. _ .. _1_____ 0.64 0.024714 1.007661 
___ ... _____ .. ~55 _. 0.02 __ _ . __ ...l._. 100 leet, 0.38 leg. 0.64 0.024714 1.007661 
-lEj;s~mble 47'--'-'- M~asured: jCI;-0.7iclo-;TcT = 1.25 --.--- ---.-- ----- Predici~£ICi-;-of; cio-;t~· -.. ----,..--.--- ... -.---\----
.-=:- ~~:~~:~~~ .-~'. ~. id,;== =~~'.~:--~: A~~~-=:: .--:== ~ BOd;~~rt-- =--= =.--:- --------: it.ia~ :.=~~=~ ___ .. =:=== ~ __ 
-'-.- .-~= =--- 23L-~=-·.: .':-. -. ~~:-::~:- :='=-1~ :::.:--- ~~·:::F=-= ==- .. ' --0.66 .----. 0.04934 -.... - .--.- --"".015296 
-- -'-'-'13" .-- ... ---0:49 -_.-.. -----ii, '-----,ooi,ig5;'iOO-trunk;'9933arms - '--111 '---.--- O:SS5205 --1.1Bi4i4 
=:::::~r=- 2§ =~-=::::'--:==-:.0D2 -.--- ==_2 __ 100 leet, 0.38 leg. '-'-- --0:64 0.024714 1.007661 
._. --.b--.- 255 _ .... ___ .. ___ 002_ .... __ J .... . ~._ 100leet, 0.38 leg. .. ___ .. ___ 0.64 .. ___ . __ 0.024714. 1.007661 
. En.~mbl.e ro ... . Me~~L"e(;J:tl= 0.84 cif' !cl =.1 ,?5.. :=~ =. f~:.-.:~ ~~:~~~e~' Iti ~ 0.88 ~ll~I;~I~O----- .. --... __ . __ 
daily wear 8 
1--- tN lielu 1% Aeov I%Bodypart lit, la =0.62 liell IFel 
. I 
33 0:12 48 1100 arms, 95.89 trunk 0.74 0.147027 1 
1---- 26 O. 44 1100 legs, 34.37 trunk 0.7: 0.1227Z 1 
-_. 
120 0.5 81 1100 leas. 1(Xftrunk,9!I.33 arms 1.13 76 ~~ -254 0.02 7 1100 f~ 038 legs 0.64 0.024714 
----
255 0.02 7 1100 feet, 0.38 leas 0.64 0.024714 1 
-_ ... 
---
180 lel = 0.82 cia, fcl = 1.30 I lel = 0.94 cl, ,fcl=1.17 
---_. 
I 
:N, lelu- % Aeov % Bodv oar It, la =0.62 leli 'cl 
1--·-- . 
23 0.04 1: 133.29 trunk 1--- 0.66 1 
1-- 31 51 40 100 trunk. 29.41 arms 0.7: 0.122723 
1··-- 120 0:51 81 1100 legs, 100 trunk, 9~ .33 arms 1.13 7S ~~ 254 0.02 7 1100 feet, 0.38 leqs 0.64 0.024714 
._.-
255 0:02 7 100 feet. 0.38-100' 0.64 0.024714 1.007661 
" • ,~ 
1----· 
,481 lel = 0.84 cl ,fcl = 1.3C 1-·--· i : lel = 0.85 elc, fcl = 1.20 I 
eo ,_._.---
1----
t No- Ilclu 1% Aeov !%B"dyPaf lit, la =0.62 Ilell I~ 
---_ .. 
-47 0:11 48 100 arms, l5.S9lrUnk 0.73 0.134864 1.041814 
1- 48 0.07 44 100 legs, 1.37 trunk 
. 0.69 0.086122 1. 
12C 0-:-51 81 100 legs. 100 trunk. 99.33 arms 1.13 O. 1. 
~ 0.02 7 1100 feet, 0-:-38TeCS 0.64 O. 1.007661 0.02 7 ,100 feet, 0.38 legs 0.64 0: 1.007661 
,483 . lel = 0.94 e . fel = 1.3C : cl = 1.05 clc, fel = 1.19 
------
t N~ -_ ... - .- Ileil. .. .,-- - lit, la =0.62 % Aeov % Body pari lell Wel 
-.. ---
1---·- j 
2: 0.0' l: 33.29 trunk 0.66 1 
31 0: 40 100 trunk. 29.41 arms 0.7: 0.122723 1 
_ ..- .. 
73 0.11 51 1OOarmS:-~ 0.8 02i95 
------ -~~ 0.51 81 11 0 leos, 100 trunk. 99.33 arms 1.13 0.' 1.188597 
.--.... 
0.02 7 1110 feet, 0-:-381OclS 0.64 ~~i} 1.007661 255 0,C!.2 . - . --
- . . -
7.. 
--
_ 11 0 feet, 0plells. . 
-.... - .- -_._. 
_()E~ 1-·--- .... 1.007661 
daily wear 8 
~--=~~~D··~I====~===+====~~~+=====~~~====~====:t=====)~~~=====t~===t====~~~ 1 _. "llclu 1% Aeov 1% Booypal ~ liCIT IFel I 
1-' I !cl '430 : lel; 0.79 ch, fel; 1.21 ': lel; 1.08 ele, fel; 1.11 
:==:==~~4~'===~==~O)~ .. 0,~====t===~~====j1~555~.489tru~nk:===i=====t====t==()~J.6E~====tJ~~=====tI,,~~~1 1-----~~~7,----_+ __ ~0,~ .. 1!----~---~51-----~I1CQ(~IO~arm~si.~1Q(1O~~n~k ... ~'.~811~leg~s~~____ O.E 0.219~ 1.06M4~ 311 0.1~ 35 133.29 trunk, 72.76 leg 0.'7) 0.18334: 1.1 
16) 0.2' 44 \100 trunk, 59.20 arms D.8E 0.29136' 1 
25, 0.0, 7 1100 feet. 0.381eos ·b.6' 0 1 
2~: 0.0, 7 1100feei,0:38legs ~ 1 
:==~==~~~1i~4331=====·~~~~:le~II;~'0~)9~)(0~eICd~el~I;;Jll.~.2E~=====~====t======~~~.~lell;Jll.].CO~9le~llcc~.k~:II~=~I~.16~===~=======t======~=======1 
i=~~==!~~~~~====jl~le~lu.===j====~I%~Aeo~v~t=====I~%,~BOOEvl~Dai====~===: .. \===~~illllii:]~~~~~.62t====jIl@ellic===t====j~Fe~II==~ 
0.1E 51 1100 arms, 100 trunk, 4.81 legs ~ 6e 0.:21 
... I·-·-·-.,:+· ....... -~ ... -\-..... ~'"'1------1----.. "_71_·---~~~~-·--+_--· --... ~.-+ __ .~.~ ~ ____ ~ ... I. __ ...,0"" .. 0 o;;'t------~~-.-~2(1. ~. ___ .11~5~5i.4~8l~ trun~k_;__;__f_;;';7-:-... D.6E 1 
I .. ~ .. 
101 0.2: 45 1100 legs. 37.14 trunk f--:=~~-I==~D) .. ~B~I=~=j~0) .. ~277~942~'==~=tl'O~866;:2~'1 
'? I-~- .-I; __ ~~ ,,-=65.7,+_ .. ____ -----"'o) ..~2'-~--1_-... "'+44- __ !11~1Q(1O~ trun""k'.,~ 591 .. 20~1~ ar~ms,,+-. ___ . -I-- D.BE 0.291351 
~ 1---~--~254r-.--_+--.~O)~.0'r----~---~7----tll~01(0~1~~et,O~38II~e~-4--_-~----~-O~)~.~~--_+~O)~ .. b2 ~4~~7'~4----~+'1~0076~6' 
1-.-.-r-~2~5~---_I-.-~O)~ .. 0, ~--~--7~1---~ll(Q(~10~~et~ .. 0 .. 3~811~egs~~--~---I_-~01.~.6'~-~~0)~ .. 0~244~7'~'4---~1.~00~7766'1 
:===~~~5~00==$~~~le~II~;'0~).9~31~ell~o,,~~:[JII;1.].3~E==~==t==~~i~$N~ot~i~~=~==~==t====~=~ 
I 11=-=--~~~~t~No==·~llcI~IU ==t===~I%[,A~eOv~=====~I%,~BOO~yl~pal==t~==j====~~~~~~~\--.. ___ II~le~li __ ~-----~F~e~I----1 
I-·~--I----~I·-·---I-·-~+---II--·=I·---·-~~~L-I---I-·--·- 1--_ .. I--~~~·-·~---I~~=~--·---·I-~~==I 
:====.--I---~~~I_----I-·-~~~.~~142~--I---~~'02~.--:I~~l3~ol.~~lu~trnukn,,~k~4~1-aims-j---·-·I·----~I=={~Oj .. 6jit64~==jJOW~)~4(~~~~247t~==~tb:10~)1~529EI 
104 0.21 45 1100 legs, 37.14 trunk 0.83 ~ 
263 0.02 7 1100ieet, 0:38 leas 0-.64 0:624714 1 :===~--I---~116~41~---I·---~CO.~34·----I--.--~5(---I~,1Q(~IO~arm~s .. ~OCIO~.CO~trun~k .. ~,1~31 .. 0=5;~leg·s .I1====.~-... I=~0~' .. 9~61=====EiO) .4~CO~99()~1====ti'~~~12~.6~9 
II---.-...... ~.--~t-_-_-:"O·~2c:::5~e+}·~-__ - _-_~.:..t---:...-.':O~COI .. ~05:t~~====j~====j7t.~.=·==jl-"~,1COO~)~ feZet,--"",~ CO .38::.1~, le "":ltg"-S~_-._-+I--.---:.-- I.~---... .. 0.67 o. ~.1Q:l 
I=~: .==lj~~~~~~2[==~li~~~~~lell~;~1~1.0~0)e~II~O,~~II~~;Ill.33~' ==t====t~~=j~~i~d.N~Ot2~CiCI~~~:=I ... -~.--.--~I .... -~--.I--.-.-_I 
I :==-·.~~~t]NI;o~===11110c1l1~===I_====II~%,~Ae.o ~v~t·:~==rl%~,B~OdV(~Dart=====I_==: 
I 
8 
--I· .. · .. . 32 
.. "iio4 .------+-... 133.29 trunk ....... ~ ......... ... 
.... ~ . 0.12-' I~'''' HI... . 100trunk,2!l.41 arms ....... . 
--.-- .. I;-;-;c-=~:-----r.::c---·I_-----h~~-·-I lit. la =0.62 .~._. ___ II,I~clii~ ~ __ . __ I.---__ \Fel .. ___ ._ 
1'-~-066 . -'.: ·.=J~~~~I.:..·= ·.::"=":·--.·II~ "~l,.:··~·ci"~···: _~c"'l 
0.74 . 0.147027 i~045578 
daily wear 8 
1 _____ .-+ ___ ~}~~r----r--~0~1 .. 2~4-----.~--~4~5.----ill~COO~llle~gs,,~37' .. li4'~trun~k~I~~.! _____ + __ ~~~I.~,~~ ____ +~~. ~1
,___ 'w 0.39..5.0 1100 arms, 90.0 trunk, 13.05 legs LV' 0.468648 
.253 0.02 1100 feet, 0.38 logs 0.64 O. 
1__ 258 0.05 1 I!()() foot. 038loQS 0.57 0.051522 
I~ 
1.145281 
I. 
1.019103 
=::=1~~~~~3~=~~~~IC~II=~'0~1 .. 5~I~cI,~full=~IG .. 2~C==t===t===~~i~~~~tl~~~I==t===t===t====~=~ 
,_.__ I 
I No ilclu 1% Acov 1% Body part It, la =0.52 Ilcli IFcl 
---. _8 0.04 12 133.29 trunk 1-===1==g:01 .. 166~===t~~t:==~~1 .. 0~111~5;:29~51 ---~r---~~-----+·--~~-----r--~~·----·~~~~--~~---··I-
1_'___ 51 0.31 51 1100 trunk, 100 arms, 4.8 legs ~.I ~I_ ==:t~0~) .. 3~';74~49~==!=tl~.I~ 1509~21 1 __ " __ 1_ . 107 0.15 45 1100 logs, 37.14 trunk v. 1-
1-'-'" 253 ~Z 1100 feot,O.38loQs 0.54 1.024714 
1.-- 258 0.05 7 1100 foot, 0.38 logs 0.67 1.051522 1.019103 
......_ -=I~~~~;;;j~~;0~5==~~~[~ICI~1 =]. OQ.70Q:CI' cI~I;;:, f~cll~ =.:g ~~.====---::t====~==t~~; ~.···~~~ot~~~~~==l==::==-t==t==~==.::::=1 
I I~~ ==I~~~D:N1o~==1~IC~llcU~=~=~I~%~ACO~V~:' ____ 'fl%~~B~OdY,,~part'~ ____ I' ____ .I" _____ I~It,,~la=.~CO~.52f--__ -ell~CIi; ____ I _____ ~F=cl~---~ 
~ I'~"'::::_ 8 0.04 J.2. 133.29 trulll 0.56 ~29s1 
1---,- 50 0.33 51. 1100 trunk, lOO arms, 4.8 logs 0.95 0.398111 I. i23414l 
1 _______ .~--;1~06i.-----.. -I---.~0~' .. 1~9-----r---~45--.. -_r.11~000~1'27ogS,,~3i~.1~41t~run~kt------.t-----r--~0~).8~1----_r~01 .. 2~1:3~1511~8------r.1~ .. 0~771~17~7711 
1-'--'- 253 _Oc()2 7. 1100 feet, 0.38 logs 0.54 0.024714 .1.()QJ661 
258 0.05 7 1100 feot, 0.38 logs 0.57 1.019103 
---" Not ; 
I 
: No Iclu 1% Acov 1% Body part lit, la =0.52 IcI; IFcl 
0.04 1 __ .... _. ___ 1 ____ .. _ .. 1:=:1 .. -~·~··~·ll~33 .. 2~9)~tr~uunk~~rf· ~~-O[~~-=[~jOO~.55~~~r~~~~~~rlll·00~115~295\ .25 ~ 1100 trunk, 51.75 arms 0.87 1.094017 
_0.15 45 -.. 1100 legs, 37.14 trunk" 1--" 0.78 O. .1 
~.~~ . :~]I-':---i~~;::::~~~::;: ....... -J-.... ---- 1:_-... - .... -_ ... -. :=.j~0~.5Z4=.==_.:_=.:_=. t~Ol~ ... 02 ~41~:771~4~.===l--J~~;~~ 
daily wear 8 
0.04 12 33.29 trun~ I 
-
--. 
0.12 40 100 trunk, 29.41 arms I 
0.5 81 100 legs, 100 trunk, 99.33 arms 
-- "-----.~r----t 
- .. --\--~-=+---_\_-..=o*-.-_\_--;::1. 
110 
--
263 0.02 7 100 feel, 0.38 legs 
258 0.05 7 100 feel, 0.38 legs 
.. 
-... -._-.. . - :=En-s-.--m-:-b-;-le-;5!"0"'1---j-;-M:-:e-cas""u-re-d7; "'le"'I-=="'O".6"'5~ec!lo"', 7re""l ==-01-;. 1"'9:1--.-_-::...-_-.. -1.r--_-~~=·~-:...-:..-:..-:..-:..-::..1"pIr:;;ed~"-ie::;;'led, Nol prediela:;:b=le'-___ I _____ _ 
I 
% Body.part Iclu % Acov 
r 
Garment No --.-~~~T---~~-~---~~~~"--~~~. 
0.04 12 33.29 trunk ---.-+--~+----~--~~--+--~~---1~~~ 8 
-
.. 
.. .. 
.. -
100 trunk, 100 arms, 4.8Ie9s. 0.28 51 
-_ .. 
--- -- ---~5';02f---+---~:CI----\----,a-
--... - ---~'---f_---o~f_---f_--=-=-f--0.19 45 100 legs, 37.14 trunk 
.. 
.. _ . 
0.02 7 100 feel, 0.38 legs 
-_._-
0.05 7 100 feet, 0.38le9s 
108 
.-.. ----+--~O'+---__I--~~---_\_---"'=f_ 
___ .. __ i __ -;2;;;6~3f----+-~~---1__--~---+~.z:~~2"'--+-
258 
. 
11, la -0.62 
.. 
0.66 
-. 
0.9 
.. 
0.81 
0.64 
.. 
0.67 
.. 
leli Fel 
0.04934 1.015296 
0.338952 1.105075 
0.231518 1.071771 
0.024714 1.007661 
0.061622 1.019103 
Cl , 
~ 
N 
I--
I--
I--
1-----
I---
1--'-
1--
1--- .--" 
- . 
-----
1----
1--
------- -
1-----
1------_· 
1---
1-----
I 
I 
1,127 
I 
:N 
8 
41 
27 
214 
265 
26C 
128 
I 
IN 
8 
30 
76 
102 
214 
264 
26C 
,400 
I 
:N 
42 
43 
1 15 
254 
255 
I 101 
I 
t No 
IcI = 1~36 e ,fel = 1.25 
Ilelu 1% Aeav 
0.04 1 
"~ 4E 
0.1~ 44 
0.9E 81 
0.0, l' 
0.03 
lel = 1.50 cia, fel = 1.2 
I~ 1% Aeav 
0.04 1: 
, 
0.08 40 I 
, 
Jlc3.4 51 
I 0.15 45 
, ~ 81 
0.0 14 
0.03 
: lel = fll cl, fel = 1.1! 
Ilelu 1% Aeav 
0.16 49 
0.13 44 
~ 81 
O~ 7 
0.02 7 
IcI = 1.20 cia, fel = 1.27 
I 
--. lielu .----- 1% Aea; - 1---
cold potective clothing 
. lel = 1.53 cl, ,fel = 1.36 
1% Body part lit, la =0.62 Ilel; I~ 
I 
133.29tru~ 0.66 1.015296 
1100 arms, 95.89 trunk 0.8: 1.075491 
1100 legs, 34.37 trunk 0.1' 1. 
1100 legs, 1 00 .Jrllr1.~ l.3:3. arms 1.5! 1.11976 1 
1100 feet, 22,52 legs 0.65 O. 1.01148, 
1100 feet, 0.38 legs 0.65 1.01148, 
i lel = 1.61 elc" fel = 1.34 
~el --1% Body Ea, 
_ ... 
It, la =0.62 liell 
133.29 trunk 0.66 
-iI 100 trunk, 29.41~ 0.7 ~ 100 trunk, 1..00 arms,.,4.B leQs 0.96 
100 leg, 37.14 trunk I 0.1' 0.183343 1 
100 legs, 100-"",,1<,~ 1.58 1.119761 '1.347126 
1 00 feet, 22.52 legs 0.65 0.037038 1 
1100 feet, 0.381egs 0.65 '1.011482 
lel = 0.93Ci, , fel = 1.19 
1% Body part lit, la =0.62 Ilell IFel 
I 
100 arms, 98.67 trunk 0.7E 0.195413 
100 legs, 34.37 trunk 0.7~ 0.159151 
1100 leQs, 100 tr-""'S 9' .33 arms 1.1 '1.18141' 
1100 feet, 0,38 le9s 0.64 0.024714 1.007661 
1100 feet, 0.38 legs 0.64 1.007661 
, 
. lel = 1.46 cl ,fel= 1.27 
.-
I 
1% BodVPart- I lit, la =0.62 Ileli . IFel 
42 
43 
201 
0.16 49 
~ 
0.3 
cold potective clothing 
1100 arms, 98.67 trunk 
1100 legs, 34.37 !rlJnk 
1100 legs, 34.37 trunk 
0.78 0.1~~ 
0.159151 
o 
1.lJbU!>'O 
1.049337 
1.1 f2424 
I--+--·-~ ~ 0.02 
0.02 
44 
44 
52 
7 
7 
1'00 arms,~OO ~.97IeQs 
1100 feet, 0.38 legs 
1'00f~O.38~ 
0.75 
0.92 
1.01 
0.64 
0.64 
o. 
0.024714 
0.0241"4 
1 
1.007661 255 
1402 : IcI = 0.85 clo, fel = 1.2, I : IcI=1.07c1.fel=I.19 
I 
1-· t No Ilelu 1% Aeov 1% Body part lit, la =0.62 IIcll Fel I 
.' .. -. -+-----;;0: 41---1----.-0""1 ..=1, €·---I------:4"'9f-···---lll~ 00)= arm=-sl,,*' 98l' .. 6i>777= trun*k-'··'- 0.78 0.195413 1 
..i3 ~" 44 1100 legs. 34.37...!rlJr11< 0 75 0.1~9~ 1.0493: 
201 __ --:03. __ + __ ~44.-- 1100 legs, 34.37 trunk 0.9, 1.1124 
1,-·· ·--·j---2;;;:22""e----·I- 0.2 33 91.54 trunk 0.8, 0.243519 
===_I-~.2~541.--~-.-~01.~02---I--.~7~---~~100)~f~t,,~0~~:II~e~~--.-_+--.+_-*01 .. ~64--_r~O).0~24~~~}~4--~'~ .. 00~77~'661 
. _~-2~55i--~.--~01.0~;----~--~7---+'~00)f~eet,,~CO~.3811~egs_~--4---t--~01 .. ~64--_+~01~ .. 1002~41:7~114~--~'~ .. OO~W~661 _._ .. -
lE, 
1~~~··==i~~QIN~lo=======l~le~luu~===~====jI~%~Aeo~vt====~~~%O,B~odY'~partc=====t=======+======~ltJ.,la~=~Oc~I .. '6~2======~le~II====t=======¥F~el===~ 
I 
4: 0: 16 49100 arms, 98.67 trunk 0.78 0.19541 1. 
4: 0.13 44 ,100 legs, 34.37 trunk 0.75 0.159151 1.049337 
210 0.8 81 1100 legs, l00tru."i<,B9.33_ arms 1.42 1.291365 
182 0.41 44 1100legs,34.37trunk I 1.08 1.170612 
.. 183 0.69 60 1'00a~ms~nk, 33.28 logs 1.31 1.815056 1.252667 
25e 0.0, 7 1100 feet, 0.38 legs 0:67 ).06162< l-:oi91o3 
257 0.03 9 1100 feet, 6.71 legs 0.65 O. 1.011482 
1-·- 105 : IcI = 2.13 clo, fel = 1.4, ~ot 
:=== .. = ~~~t]~~I======III~cI~llU===~========II'%~'~A~eo~vl~=:====II~%'~Bod~YV~part=====t====-:'~====:::I~ItI"~lal=~0J.~ .. 6~2=======111~ell=====I========~IF~ell=====1 
1-'·'-·~--~4;---!--~(0~.1---!---~4E--'---~lll0~0)~arm~s,,-9~8l .. 6"71"trl·u~nk~'---+----'i--n(0~.778.1---tnOI .. ~'19~54nt'13--~-~11.0&~~~57781 
__ ._I __ ~4~'I ___ . __ 'I' __ ~~~~ ____ I ____ ~4~4 _____ r.ll~OO)~legS~,,3~41~ ... 37 7~trun~ki ____ . 0.75 0.159151 
1·,-· . __ 1 .... __ . ";~'~~5=1.---'.-' ._. .-.-~f_----.. 1-.. 44 . ... .J 100 legs, 34.37 trunk ~:~~ 1 
cold potective clothing 
182 0.46 44 l' 00 iell~s, 3~37 trLIr1I<~ . 1.08 O. 1.170612 
183 0.69 60 1100 arms, 100 trunk, 13.281eos 1.31 O. 1 
~56 0.05 7 100 fe-"t, 0.381e~-"- 0.67 1.019103 
257 0.03 9 . 100 feet, 6.71 legs 0.65 O . 1.011482 
I 106 IcI = 2.41 clo, fel = 1.4; IcI = 2.35 cl , fcl = 1.34 
I 
t No Ilel" 1% Aeov 1'1, Body pa, lit, la =0.62 Ileli ~el 
I 
42 0.16 49 100 arms, 98.67 trunk O. 78 0.195413 1 
43 ~1 44 100 loos. 34.3~ O. 75 O.~ 1.04933 
201 C. 44 100 legs, 34.37 trunk 0.92 1.112424 1-
225 0.39 5, 100 arms, 100 trunk, 7.971eos 1.01 O. 1.145: !81 
182 0.46 44 l00leg~3~ 1.08 O~ 1.1701 183 0.69 6C 1100 arms, 100 t"",-k,33.2~legs 1.31 0.8 
254 0.0: 7 1100 feet. 0.38 legs 0.64 0.1 1.007661 
255 0.0, ~100 feet. 0.38 legs 0.64 0.( 
,407 IcI = 1.40 elo, fel = 1.2: :lcI=1.74d ,fcl = 1.27 
I 
tNo Iclu 1% Aeov % Body pal It, la =0.62 lieli FcI 
I 
42 0.16 49 1100 arms, 98.67JrlJ111< 0.78 Oc~ 1 
43 0.13 44 100 legs, 34.37 trunk 0.75 0.159151 1.0493 17 
,,200 ~4 44 ,100 legs, 34.37 trunk ~Ts H~~ ~ 221 0.4: 5~ 1100 arms,l00 tr'lJl1k,4.81 loos 0.515~ 
254 O@ 
1100 feet, 0.38 legs 0.64 0.024714 1.00761 
255 Jlc 7 100 feet, C 38 legs 0.64 0.024714 
1,408 lel = 1.38 clo, fel = 1.2: . IcI = 1.65 cle, fel = 1.26 
1---- I 
t No !lelu ,% Aeov 1% Body pal .. lit, la =0.62 l'leli IFel 
I 
4 O.1t 49 11 00 arms, 98.67 trunk 0.78 0.195413 1.( 
42 0.1 44 1100 legs, 34.37 trunk 0.7~ 0.~1 1.049337 
20C 44 1100 legs. 34.37 trunk 1.0: 1.14891 
22, 0.' 52 1100 arms, 100 tr.'Jlll<, 7.97 legs 1.0:< 1.148911 
25' ~ 7 1100 feet, 0.38 legs I 0.64 0.024714 1.007661 
25E l.C 7 1100 f~el, 0.38 legs I 0.64 14 1.007661 
I 
,409 
\ \ 
lel = 2.22 cl ,fel = 1.4, 
cold potective clothing 
I 
~ot i 
1% Aeav I No Iclu 1% BodY.Jlart ,It. la =0.62 Ileli t.cr 
43 0.1: 44 1100 legs, 34. 17 trunk 0.75 O. 
1 ______ r-~2~00~O----+_--~0~.4----4_---~44----_t.ll~COO~II~egs,,~34 .. ~17~~~k~~~4_----4_--~1'~.002~----~0~~. :~ 
.222 0.4 52 1100 arms, 100 trunk, 971egs 1.02 0:480359 ,.148911 
182 0.46 44 1100 logs, 34. 'trunk .08 1.17061: 
183 0.69 60 1100 arms, 10< trunk, ~Iegs 11 0.8~11'5056 1. 
1_._'_~I __ ~2~56,----_~--~O~).O~5----4_----~~. __ .--~00~lf~~,~OI .. ~~1~~~r-_' .. -4 ______ I __ ~~ ____ ~~0~··~~~ ____ 1.~1.0~1!11,.~m 
.257 0.03 9 1100 feet, 6.71 legs .;5 0.0.:J7'1.01141l2 
,410 . IcI = 2.17 cl ,fel = 1.4, ~ot 
.. -
I 
I No lelu 1% Body part It, la =0.62 Fel .--1% Aeov Ileli 
j 
.1. 1 ____ ~----4~2_----~---0~ .. 1~6----4_---4~9----~ll~COO~la~ms~,,9~8: .. ~6);7~'tr~uu~nk ____ -r ____ ~ __ ~~C~.778~ ____ r~01 .. ~3 
43 0.1: 44 1100 legs, 34.37 trunk 0.75 0.159151 
200 Jlc4 44 1100 legs, 34.37 trunk 1.0: 
221 0.43 51 1100 arms, 100 trunk, ~.81Iegs 1,05 0.515415 
182 0.46 44 1100 logs, 34.37 trunk 1.08 
183 0.69 60 l00arms,100tr\Jnk,31.28Iegs 1.31 
256 0.05 7 100 feet, 0.38 legs Oe67 
08~ 
0.06 
257 0.03 9 100 feet, 6.71 legs 0.65 
1.148911 
.1.1"~' t" 
1. 
J.O~~ 
1.011482 
1,= ___ ===~~~~~1]11C====~~~~:~lcI~I=J2Q .. 1I6;~clO~,,~full=J1J . 4~'======~=====t======~~~~~otl~i~~===~======~=======t======t===··= 
\ 
I No lelu 1% Aeov % Body par It, la =0.62 leli IFel .-
-1-
42 0.16 49 100 arms, 38.67 trunk 0.78 0.195413 1 UbUC'O 
.,43.0.13 44 100 legs, 34.37 trunk 0.75 a 1 
r-__ ~---~20)11+---~ __ ~,~~~--__ 4_ __ -~~~--__ ~~~~::~:~'~,,341~~C·~)7~~~~~7~ .. 9~7'~legS--+---~---~~~~.01-----+~CO.~ }145;~ 
)2 0.46 44 10 lIegs, 34.37 trunk 1.08 1.17061: 
0.69 60 100 arms, 100 trunk, 3:'.28 legs 1~ 0.81 ~ 1 
256 0.05 7 100 feet, 0.38 legs 1 0.67 0.061622 ~1 ~I 
~ 0.02 7100 feet, 0.38 legs I 0.64 ;1\ 
cold potective clothing 
-.-" '-=jI~~,~ 41~36=~~~['~ lell =J1--E.531~ ellot,,~ fell =J' 1~.36===-t-=:=j::==~~i ~:~ ~~~Ol ~ili~I==t:==I==:=i===!===1 1--- I 
1- ,nl No lIelu 1% Aeov % Body part Ill, la =0.62 Ileli 'cl 
I ---------~23---4--~0~.04---·~~I~~----~~~~llr~unk----~--4----+--~~~ 101~~ 
31 O. 4 100 trunk, 29.41 arms Jfl 0.122723 1 :=_ 70 0.29 51 100 arms, 100 trunk, 4.81 legs 0.91 0.35081: 1 
91 0.26 45 100 leg, 37.14 trunk ~~ 0.315187 11~ 
151 0.26 45 100 arms, 87.57 trunk I J.88 0.315187 1.097708 
228 0.38 52 100 arms, 100 trunk, 7.97 legs 1 O. 1.141647 
203 0.32 44 100 legs, 34.37 Irunk 0.94 1 
_____ . 256 0.05 7 100 feel, 0.38 legs 0.67 O. 1.0191.0 
1.------I----~25i~7+-----~~0~ .. C04-3-------.. I--~9~1----F11~Coo~):f~eel,,~6··r7·1~le~gs_4--_+----+--0~1 .. '6~5---_r~00.~003~1~70~38~-~-1~ .. 0~11~114~81 
___ ~. -~ =/![ri.:s!~~1~3~8=::j1i~~C)I~ell::;: =} 1 .. 11: 81c e:ll~o:J" fe~ll~ =111 .. ~301~:::::::::=:~t-=:::::-~I===$~i I~.'[.' : ~~O~I" ~·~~;;::::=::~==----=t:==t===:l==:=1 
::~_:::::I~~~I~N::::::::::::p~~:::::~=:::::=~rl%~~~~~o~v:::tl-~~~~=+I~%,JkB~od~y'~pa~r~~~~~+_~~~:-~-t.-~:::-~~=+IIILI,~~la'~=00~)~.62~-~~~~~~I~)el[ii~~.:::-t~~~~~~EFe£I~~~~ 
t;J---- 0.04 1:< 33.291runk 0.66 
1---- ' __ 1--- 31 O. 40 100 Irunk, 29.41 arms 0.72 
__ ._._. 70 0.29 I--~ 51. __ --Icl~000:c.:' a=rms~,IO'-7oo,,-) tr::..:uu=nk,,--'i 4 ..=-:81Ie",,-gs~. 0.91 
1.-----.r--~~9711-------1-----0~' .. 2~6-------1---~451-----1~100II~eg",3~7':J~41Ir~unk~------ ~ 
1-,-- 151 0.26 45 100 arms, 87.57 Irunk 0.88 
I--------II-----;~~ 0.38 5 100 arms, 100 trunk, .97 legs 1 
1-------4--~256"----I----~0).0~5----~.---~---~.~1OOI~feet~"O~~egs~r--- 0.67 
255 0.02 100 feet, 0~38 legs 0.64 
139 : lel = 1.46 elo, fel = 1.35 
I 
0.04934 
0.122723 
0.350813 
0.315187 
0.315187 
0.024714 
1---,,- I No lelu 1% Aeov % Body part 11, la =0.62 ,Ieli 
I 
1-- 23 0.04 1: 133.29 trunk 0.66 0.04934 
1-----r--~3~1~--1-~~01 .. ~1---.I-----~I-----II,I~OOO~II~ruu~nk,,29~I.4~la~rms~~ ___ I----+-~0~ .. 7~2-'----I~ 
1 
1. 
1. 
1. 
1.1411l47 
1.019103 
_ l.oo76~1 
IFcI 
1 
1.141647 
cold potective clothing 
==~===~256~==~==jO~I .. '0~5====_t====4=7====$'l~COObm~et,,0%"'~~'~I~S==t===~====~~==jO~ .. 6~7====+~00.~C06~il16~~~===+jlj.CO~191~111'0~3 __ . . 255 0.0: 7 1100 feet, 0 38 leg. 0.64 O. 1 
,82 lel ; 1.43 clo, fel ; 1.32 : lel ; 1.57 c1e fcl; 1.21 
L 
I No lelu !% Aeov 1% Body part It, la ;0.62 lel; IFel 
I 
47 0.11 48 ,100 arms, 95,89 trunk 0.73 0.134884 1.041814 
--- 48 0.07 ·~·--~4~4----~'l~OOC~O~legs~,,3~41 ..~37'tr~uu~nk~----~------+---~01 .. ~'69-----~~00.7.008~611~~----~~1.~~~1 
==~~~~1i204~~~~~0~"'31111~~~!~~4~4~~'11°COI'I!iegs,'~341.1·3l~~7·itruu~nk~~~~~~i~~01i·93~~~!lII~~~~1~'1111609~2 ,_. __ , 229 0.32 51 ,lOO arms. 100 trunk, .8110gs 0.94 1 ... _ 120 0.51 81 '100Iegs,100trunk,99.33arms 1.13 O. 1 
. __ .. . 2~ 0.02 7. 10Dfoet. 0.38 ~gs 0.64 0.02471.4 1 
__ . 255 0.02 7 ,100 feet. 0.38 logs 0.64' 0.1.007661 
=~.:.: =:~~~,~ 4II411===i~~~: ~lel~;I l'.I23!Gcil·O~: ,~fci.'-."Jl] .. 36 ~===1==:=:t====~~~:$~o~t~*1 ===1====~==:t==1===1 
I 
IN Ilelu 1% Aeov 1% Body part It, la ;0.6: lel; Fel 
o ------+---~~----~-~~----__ ~----~----~~~~-----+_----~----I--~~------I·~~~-----~~~~ (.. 23 I 0.04 12 133.29 trunk 0.66 0.04934 1.015296 
-.J=~~~' ____ I ____ -o3;;.i-l ___ 1 OJ. I--__ ~ 40 ____ E'1O.~OCC"-'" trun",k"s<;; 291 . 4,,+-1:"7 arm~s;-;-:--=- __ +-____ f--_" 0"' .. 17:2;.J-___ ~~0~.23 
_____ .. 70 0.29 51 1100 arms, lOO trunk, 4.81 logs 0.91 0.350813 1 
1_. ___ ,, ___ I_._,-09:.1+ ___ .+ ___ -':'CO.~26-----. 45 1100 log, 37.14 trunk 0.88 0.315187 1. 
, ____ . 151 0.2£> 45 1100 arms. 87.57 trun!. 0.88 0.315187 1 
225 0.39 52 1100 arms. lOO trunk, 7.97 legs 1.,01 .1.145281 
256 0.05 7 1100 foot, 0.38 logs 0.67 0.061622 1.019103 
255 O.~ 7 1100 feet, 0.38 legs 0.64 0.024714 1.007661 
1-- ,442 
INo lelu 
,-" .. 
___ .. 23 
, ___ . 31 
1____ 70 
, __ . . 91 
1'___ 151 
........ -i3i" .... 
: lel ; 1.54 cl ,fcl; 1.35 
0.04 
0.1 . 
0.29 
0.26 
0.26 
0.39 
O. 
1% Aeov 
12 
40 
,,51 
45 
45 
... __ 52. 
44 
Not ; 
% Body pal IltJa ;0.62 
33.29 trunk 0.66 
100 trunk, 29.41 arms 0.72 
100 arms, 100 trunk, 4.81 legs 0.91 
100 leg, 37.14 trunk ClJl_8 
100 arms, 87.57 trunk I 0.88 
. 100 arms. 10Dtrunk,7.97Iegs ......... ____ I. ___ .. l"'LG,l"., 
100 legs. 34.37 trunk I ~ 
Ilel; 
. 0.1n723 
O. 
0.315187 
0.315187 
IFel 
1 
1 
1 
1.u~lIu" 
1 
1.112424 
cold potective clothing 
__ ~ __ ~256~ __ ~ ___ ~0~.05~ ___ ~ ____ ~~ _____ ~ll~00)f~eell,,0~) .. ~~I~leg'~~ __ -4 _____ 4-__ ~0)~ .. 67 _____ r~CO.~.C06~"'~6l:n~----~1.~0119~,a0~3 
1----- _255 0.02 7 1100 feel, 0.38IeQ' 0.64 0.024714 l:00766{ 
,472 !Cl = i26 e ,fel = 1 A5 . Not 
I No Ilciu % Aeov !%Body pal lit. la =0.62 'Iel; Fel 
I 1-----+---~2d3-----~--,0~.(0~4----~---~,-----t13~3l .. ~~l~trr=lun~L-----I-----~--- -Q.6E 1.01529E 
31 0.1 4C 1100 trunk. 29.41 arm. 0.7 0.ln723 1. 
70 0.29 5' 100 arms, 100 trunk. 4.81 109.0:91 13 ,. 
1 ______ l ___ ~2~28----~-~0~1 .. 3~e----I----~5;r----~00~'ar~,rlm~s.,'~OO~~unk,,~7~.97Ie~g.~~----- :::~!~~ 
1-- -.- -- -.--~~~I-------+----;: 0)~ .. 3e ~1-----1-----'-~5;-------I1~'001 a=rms"'-O .. I00~J~trun-'?k~,~ 7'~.9'7~' le""g.~---+-- --, 1.141647 
1---· --·-1----= 203 ~(-----~--~ (0~.3-----1----·-7;t 4'------+.-1100""1'-" lie ?os,' 34~I.3.~7r;:-=' trun:::i:-'lkF--'::'''---t---- 0.94 1.119755 
----- __ '~9~cl--------I-----oO~ .. 5~21------I---- ... ~55;1-----lifjoo~~~eas~.,~~I..~88Itr~unk,~~~~--t_-- .•• I===1i~'1,4fr=====t~01 .. ~6'1~'994~6====±±'~.~~~~~3 
:-:- -1-- __ ~1""B'8 ;'-1--------1-----.;; (f167~---.----I---.-.--.. ~"4~1 .. ___ . _____ I.~ 100'-;,:: ar_m~::;;s,,~ j(j(fit::r:u-,n_:kc~:'-i 4:_5:;.c: .. 9,3~), le~g".-_. __ I ____ .. 1.29 O. " OC~'oo. 
-"--- -254 0.02 7 100 feel, 0.38 log. __ ,_,,-1-__ 0.64 a.: ... moo' 
--'- . 255 0.02 7 ,100 foel, 0.38 lea. J===~O:'6~4====b0~) .. 0~241;n~'4t==t±I .. 0~0766~'1 
-- _~51 . 8 1-----6~c\----I-ll~ 1 h~and""s, f.~'37~,~ armsC-+---'-- Q.7 
259 0.01 1--__ --'4='-1--____ f'156~) .. 9~81~ hea't-' __ --Ir_._-t_____ 0.63 0.012368 
1---
1---
1---
174 . IcI = 2.48 c ,fcl = 1.49 Not ; I 
iN~----·--lliC-iL-iu----(---·-I'~%~, A~co~v_-=_-j~_=_ _ =__=_-~·bl!!.%;-s"].·Ody-;'t'.I-~ p-~art'=--=--=--=-l-=--=--::~_t_I--~--~-
I I 
IIcI; 
I 
cold potective clothing 
23 )04 12 133~~nk 
--- .. ~ -~---~3~1-----+-~~~~---+----4~0-----f.ll~001~~nk~'c~~14~ll~a==rms'i+------r---~----~-+---~7~C----+--'~.~~----+---~5~1--~--f.ll~coo~'a==rms,~.1~OC~~'rr~uun~~.4~81~I~s·~----
--. ~ 0.38 52 1100 arms, 1IJCitrtJn~ ~Iegs 
203 0.3, 44 1100 legs, 34.37 rrunk 
1 ___ ~-+ ___ ~119~O ____ 4-__ 0~'~ ____ 4-__ ~5~5 ____ ~ll~OC~~II~eos,,~64~.~~~~~~~-r---
189 C. 64 1100 arms, 1!J(Jtrun~,.4 ~Iegs 
254 O. 7 1100 feet, 0.38 legs 
255 0.0, 7 1100 feet, 0.38 legs 
251 0.08 6 1100han~~~ 
259 .JlJl.! 4 156.98 heac I-~-
~~ O. 
0.91 
1 
0.94 
1.14 
1.41 
0.64 
0.64 
O. 
0.60 
0.122723 
13 
0.6~ 
11 
0.024714 
O. 
O~ 
O~ 
1.015296 
1. 
1.1OR7'" 
1.141647 
1.11975!: 
1. 
1.2878€ 
1.~ 
-~- .. -=~~~I·i 44'7~5=::j~~~~lel~ :'2 21J:.ll~5; et· f@cI'l~ :'J: 11~4.S t-==t=======I~~i ~$N~at~~~==t===t===t===t===1 1-----
--- -. =::I~~~~ttE Na~=-::==~lIelu==j===tI%¥;:,~ Aea~vt==pl%~ Bod~YY~ partC:=_===1=::::-1==::_-+I,,-,-lt.,~ la.~ :,(o.~6:1 _____ fl~ Ilel,--i __ + ___ .. __ ._\,F=...ell _~_I 
.1 
23 O.O~ 1. !33.~ ~nk 0.66 1.01 ~296 
31 0.1 40 100 trunk, 2941 arms 0.72 0.122723 1. 
? !=~~ 7e 0.2S 51 100 arms, 100 trunk, 4.81 legs 0.91 t3 
w 91 0.2€ 45 ,100 leg, 37,1_~trunk_ 0.88 O~ 1. fO" 
'"' 1--"- 151 0.2€ 45 il00 arms, 87.57 trunk 0.88 0.315187 1. 
1--- _+ __ 1,1:.;:'9-::;1e ____ i __ ---;0C';' .. 5~2~--+--.-:a_55-----r,1;;;OOO:,:'le~os".:::;;6~4. 1.14 
1-,-,-'" -- 189 0'-'" 64 1100arms,100rrunk,.4 •. 93Iegs 141 092858 1.28786 
254 O. 7 1100 feet, 0.38 legs 0.64 0.02471 1.007661 
1 ____ -+ ___ ~~~;~--+--~0~).0~'----~---~76----411~00Ire~et .. ~0.~38~~~-+_----r---_i---~0~.~,.47~----t~~ 14 1.007661 
4"' o.m 1100 hands 7.37 arms 
.2.59 ..QQ1. 4 156.98 h~ 0.63 0.012368 
I. 476 1"- lel : 1.86 el , fel : 14, 1'_''''= 
1::-: ~=I~~~;[i Nf!a;IC--::::~'::::-II~lei~lu,,-:,,::' . __ 1 ____ ---+1"'%, . .:. A=eav:"'~i ____ fl%,-,-,= BadLY I, p=r-art __ ~ __ -t-I-_-_-_-_-. 
~ot 
IFel Ill, la =0.62 Ileli 
_~O~"0~'I~ _____ r-_~_~112~ __ ~1~331~ .. ~)tr~~~,,~~r ___ ' ~:~~0~'66~~~!0~~'~~~~[~1~1 Q 40 11001runk, ~41 arms ...... -.1---.-- 0.72 0.1: l' '~';I 
0.21 51 1100 arms, l00lrunk, '.81 legs -l~--.-.. 0.91 1.0< 
. ~~, ... =2;,';1-'-------'1---.- 45 1100 leg, 37~14trunk ,__ _ __ ,-_. ___ "", 0) .. ~88 1 __ ••• ____ • __ I--00~)C; .. ~;~'''''l,1!l~ 1-,-",-,-,- ._lQ!lT ii2t 45 1100 arms, 87.57 trunk .- '-,---'--, 0.88'-- .0.31518 1 
2~J -- 1,,-, ... 64 1", ... - 1100arms,-tOO_tr,:,n~,.~.93Iegs. ····1 1 :~ -iJ;;;";";' .- .. -- .. 1.; 19218 
u.o, Se 1100 legs...§iil~trun~ . 
I-_~=::: . 23 
___ .. 31 
I_~_~ 7C 
. .. __ . . .,.,9:+1 .. _._ ... _ 
1 ___ ' 151 
.... ····-1~~ -'--
/ 
Cl 
.I-
o 
1----
1----
1-----
1----
----
_._... ..--. 
1- -- . 
--.. _-
1----
1----
1---
1-·---
1--·-- . 
1----
1--· 
..... 
1-·_··-
1--- .--
1·---
1---
1---
1--
1---
1·-- -
.... ,-
254 
255 
251 
259 
177 
I 
t ~ 
23 
31 
70 
91 
151 
188 
190 
254 
255 
lE, 184 
I No 
1 
23 
31 
120 
204 
229 
254 
255 
179 
I 
I No 
23 
31 
--~~ 
0.0; 7 
0.0; 7 
o.oe 6 
0.01 4 
Icl = 1.87 clo, fcl = 1.4: 
Ilelu I%ACOV 
0.04 -12 
0.1 40 
0.29 51 
0.26 -45 
0.26 45 
:~ 64 -SS 
0.02 7 
0.02 7 
Icl = lA2Ci ,~35· 
liclu 1% Acov 
0.04 12 
0.1 -40 
0.51 81 
0.31 44 
0.32 --:si 
0.02 7 
0.02 7 
:lcl=I.86c1 ~ 
Ilclu 1% Acav 
0.04 1 
6:1 -« 
0.29 1·- 5' 
0.26 - 45 . 
cold potective clothing 
1100 feet, ~1.9S 0.64 1.007661 
1100 feet, O. Ilegs 0.64 0.024714 1,00766' 
1100 hands, 7.37 arms 0.7 OO~ 156.98 hear 0.63 1. 
: IcI = 2.10cl , fcl = 1.31 
1% Body par lit, la =b~ 62 Iicli IFcl 
I 
133.29 trunk 0.66 ~ 100 trunk, 29.41 arms 0.72 0.122723 
100 arms, 100 trunk, 4.81 legs 0.91 0.350813 1. 
100 leg, 37.14 trunk 0.88 0:315187 1. 
100 arms, 87.57 trunk 1Ts D.3i5187 _1. : toO arms, 100 trunk, ;.93 legs 1.245596 
100 legs, 64.88 trunk 1.14 O. 1. 
100 feet, .38legs 
.... 
0.64 ~~ 1.007661 ,lOO feet, 0.38 legs 0.64 0. _1.00766' 
i : Icl = 1.47 do ,fcl=I.21 
.... 
:% Body part It, la =0.62 IlcI; IFcl 
I 
33.29 trunk 0.66 1.015296 
,lOO trunk, 29.41 arms 0.7: 0.122723 1.038044 
1100 legs, 100 trunk, 99.33 arms 1.13 .1.188597 
100 legs, 34.37 trunk I 0.93 0.37449 1.116092 
100 arms, 100 trunk, .81 leos . 0.94 1.119 75: 
100 feet, 0.38 legs 0.64 o:o247i4 1.007 661 
1100 feet, 0.38 legs 0.64 0.024714 1.00766· 
"'.". IcI = 2.03 c·1 ,fcl = 1.27 
1% Body part lit. la =0.62 licl; IFcI 
... 
133.29 trunk 0.66 0.04934 1.015296 
1100 trunk, 29.41 arms 0.72 0.122723 1. 1-----
.... -
1100 arms, toO trunk, '.81 legs .- 0.91 13 1.108752 
1100 leg, 37.14 trunk I 0.88 0.315187 l.u~f{u~ 
--. 
---
-_. 
_. 
151 
198 
190 
254 
255 
0.26 
0.36 
0.52 
0.02 
0.02 
45 
49 
55 
7 
7 
178 . lel = 2.02 cia, lel = 1.45 
I 
cold potective clothing 
100 arms, 87.57 trunk 
100 arms, 91l.67 trun!< 
100 logs, 64.88 trunk 
100 feot, 0.38 legs 
100 foot, 0.38 legs 
. 
~at i 
0.88 
0.98 
1.14 
~64 
0.64 
0.315187 
O. 
0.024714 
O. 
1 
1. 
1.19218: 
1 
1 
1 N II~ I%Aeav % Body par Ill, la =0.62 leli {Fel 
1 _______ r---~2!:3~-~~0~' .. 074r-_+---l~---_f.13~31 .. ~~I~trunl~ ".~. __ _+--~~ I.~ 
:==~--1----~_~~-----~---~010.~~-----+--~~~~-----fll~11~~;~~:~;1~4~;~s.81109S ).91 ______ 1_~~::~~~~t~3~~~~-~~-~;I~ .. O 
1._____ 91 0.26 45 100 log, 37.14 trunk 1.88 0.315137 
__ ._.1_._._.1:-11,5:""1/-------1-.. 0.26. 45 100 arms, 87.57 trunk 0.88 0.315187 . '1 
1----
0.01 4 56.98 head 0.63 O. 
I 191 : IcI = 1.63 cia, lel = 1.43 : ~at 
I 
1 Na % B~y pal It, la =~62 l~ Fel 
. .--- ---t-----.. ·-4~7···/---·--/-·-· 0= .. "" l11cl---~+----c4:=1-8-·-------I°l-= 000'-arms-" 9:!:;o,5"" .. 8""91 I;--;runk--t-----· .. · "'/---'---1---,,", CO""'. 7/:3"'1-------1-""01 .. -;-;: 113c==4884-:-t-----+ 1.041814 
_._ .... __ 1 ____ ~~48~f_------I--~0'"" .. 0:o17-----I---~44-------.+1~00' l""oQs,,-,,~ 34.3=7' tr~unk.."",-;;:;;-:" Q,69 . 0.086122 . _!..Q?~ 
12C 0.51 81 100 10gs,loo trunk, 9SI.33 arms 1.13 I 1.188597 
___ ._I __ ~...!..~ 0.67 64 100 arms,100 trunk, 4 i.93 legs ... 1.~ 1. 
254 0.02 7 100 1001,.0.38 logs + __ . __ 1 __ ---;();.::;J.3 :;41 ___ ._. ___ +--'0~) .. 0~241;7a14------1 J,()07~ 
/----·--·---~---~2~55.-----~---0~).0~2-----/-----7~-------~1~000~'~~el,,~01 .. ~:381Ie~gs-I-----... 0.64 0.024714 1-1.007661 
___ ._ ... __ 1 ___ ._~251/-__ --I---701 ..~Oe.-----~----46-------/~lOO0~han=rds,7~· .. 3~7'~arm~sl----... 0.7 1 
1 _______ f_._l~59~-_-f--~0~.~~I----__I------4~-..... --.. F.5~6i .. ~981Ih~eacll __ ---_I---- 0.63 0.012368 1 
----- 1,492 : lel = 2.34 er, , fel = 1.49 : ~at 
... _ ... '% Bady par It, la =0~62 lieli F cl 
--I""c=-...c==/-----------I"cc-·-----!------I .. ---·-1[0,)1-______ ..Ilelu. __ "_' .... __ I<jI,Aeav 1----I 
cold potective clothing 
47 0.1. 48 '100 armS. 95.89 trunk I D.73 1 
48 0.D7 44 riOOlOii5. 34.37 trunk I 0.69 ~ 
120 0.51 _81 1100 leas. 100 trunk, 99.33 arms -'.13 
188 0.67 6~ 1100arms,100trunk,45.93Iegs 1.29 O. _~ 
1 ____ ~---~190~--_~~~0~).5~2-----~--~5~:----+'1(~00~)I~eoS .. ~644 .. 8~8l~trun~k ____ ._+ _____ ~--17.7+'4------.~0~ .. 6~1199~4E~----ri~~ 
254 0.D2 ) 1,~=I;: ::: ~.~ ~02471~ 1.007651 255 0.02 1 
__ ~ ___ ~2511 _____ ~ ___ ~0~.(0~8 ____ 4 ____ E~ ____ ~ll~~~~han~ds .. ~7'.3~7'~arm~s___ 0.7 o.~~ 
1-- ~ 6.01 ~]56]8 head 0:63 0.01 1 
I 493 IcI = 2.55 cl ,fcl = 1.48 ~ot I ,--_. 
It. la =0.62 Icl; ,Fcl 
I 
23 0.04 1: 33.29 trunk 0.66 n.n.q~. ~ 
_
_ ~. ___ ~3~1 _____ I __ ~~0 .. 1~ _____ ~ __ ~40 ______ '_17'OC~O~trun?k.~29J . 4~'~arm~s~~ .. 0.7: 0.122723 
1-' 73 0.18 51'~ 100 trunk, 4.811eos 0.8 0.2195 :~ .. __ ~ ___ ~961 ____ ~ ___ ~0 .. '~9~==1~==~45=====filllliOI(o~"e~as,3]l:7~ .. 1~41t~runk=~I~~j=====t==~0 .. 8!~1't==.==t~0 .. ~231'15~'8t===~~~~.01~7,;~g~1~7~:1 
-- l6C 0.32 50 1100 arms, 90.0 trunk, 13.05 legs 0.94 '-245596 
1 ______ I---.--~188-_---I __ -----·~·~~.~~)7,1----· .. --+-------"* 64--------I~'~iOO~~;.'~.fl h~mesa'·d 'rICOO~1 t~r·Lu~nk .. ~T;·~9311~,~.so ·+-------1---·-;;-~~ •. ~~---·------I--~~ -inr;.;..,i 
.- 259 ___________ . ...:~1------·--·1--------...:4~1-------11~"'_'_"""'"=._==::_1_--- 0.7 1 
I: -1-- --·--~;c;~~~I--·--- ----- ~~~ ..... +- . 'f .-- :1~~6;8~:aa:ms. _11_-__ . ___ .+. ·___ ,,0c;:.64 C;I-----·-------·t-.~~· ~~IT~lit: A 4'=' =--:='--:='t'j 11~ .• 6ICO~)'7~'66 ttJ' 
-- . --1----· 25: ------.-I-~ co':;.CO~21----.------I----·--7~1----------'-·~ll~OO)~';-==: feet C-;., 0") .. ;3~8Ii le~os---·t------- 0.64 ~ '" 
cold potective clothing 
I I I I I 
,495 : IcI = 2.36 clo , fcl =-lA8 : ,ot 
I 
I No Iclu 1% Ac",,- I%~p~~ ~Ia~ Icli ~ 
23 (J.04 _12 ,33.29~unk 0.66 1.015296 
31 0.1 40 11OQtrunk",29A1 arrTls jJJ2 OJ2272~ i~ 73 0.18 51 100 arms, 100 trunk, 4 81 logs 0.8 0.2195 
1-' 96 ()J9 45 1100 logs, 37.14 trunk 0.81 ~~8 1.071771 160 0.32 50 '100~s, 90.0 trunk, 3.05 legs 0.94 C ~ 1.111 1-- 188 0.67 64 ,100 arms, 100 trunk, 45.9310g'-
.L29 (71 ,6 1.24 
---- . ". 
190 0.52 55 '100 logs, 64.88 trunk 1.14 0.619946 1.19 '11 
'-' ...... '-
2, 0.01 4 56.98 hoadl 0.63 0.012368 1.003834 ,--_.-
2' ~OEl 6 1100 hand 7.37 arms 0.7 1 
1--"'-' .- 2, 0.02 7 100 foot, a.38 logs 0.64 0.024714 1.007661 255 0.02 7 ,100 feet, O~logs. 0.64 1.007661 
heat protective clothing 
I I I I I 
----_ ... 
-~. 
I I L ~ 
Ensemble 488 Measured: Id = 1.48 cia, fcl = 1.45 Predicted: Icl = 1.44 cia, fcl = 1.22 
--_. I --_ .. 
- --Garment No IcJu % Acov % Body ~art It, la =0.62 Icli Fel 
--_. I 
---
23 0.04 12 33.29 trunk 0.66 0.04934 1.015296 
--- 31 0.1 40 100 trunk, 29.41 arms 0.72 0.122723 1.038044 
._-'. 
120 0.51 81 100 legs, 100 trunk, 99.33 arms 1.13 0.608376 1.188597 
._---
194 0.33 46 100 legs, 39_92 trunk I 0.95 0.398111 1.123414 
--
-
0.503742 1.15616 195 0.42 60 100 arms, 100 trunk, 33.28 legs 1.04 
~----.--.- ---
254 1--'----- 1-----
~. 
100 feet, 0.38 legs 0.64 0.024714 1.007881 0.02 7 
----
255 0.02 7 100 feet, 0.38 legs 0.64 0.024714 1.007661 
---_.-
--
_. 
_ .. -_. 
Ensemble 489 Measured: Id = 1.55 cI~!CI :: 1.50 Predicte~: Icl :: 1.44 clo, fcl :: 1.22 
... - ._--- =-=c::::~==_ ---- - --_._-- - .. --.--- - -Garment No Iclu ~~---r-'~-- % Body part It, la =0.62 Icli FcI -_. - --- ---- -.--_._---- _._._--~-- I _. 
--.-. 
--23-- 0.04 12 33.29 trunk 0.66 0.04934 1015296 
.0.--'. 
31 0.1 40 100 trunk, 29.41 arms 0.72 0.122723 1.038044 
--_. 
120 0.51 81 100 legs, 100 trunk, 99.33 arms 1.13 0.608376 1.188597 
-_ .. _-
191 0.33 46 100 legs, 39.92 trunk I 0.95 0.398111 1.123414 
--- 0,42 60 100 arms, 100 trunk, 33.28 legs 1.04 0.503742 1.15616 193 
~---- -~--~ 
0.02 7 100 feet, 0.38 legs 0.64 0.024714 1.007661 254 
--.. _--
255 0.02 7 100 feet, 0.38 legs 0.64 0.024714 1.007661 
-----
.. _ .. __ . _._-- ~- ----- ----_._---- ~----- ------- .. --------~ ----- -" . 
----
_._--- .-. 
Ensernble 510 M~-asured: Icl--;--0.82 do-:tCi~24 1--- ... ____ ~~edieted: No!.p.r.::edictabte --. ----._- --~- r--- .~------~~ ----
--_ .. _-
-- ---- Iclu to;;Acov 
-
Garment No % Body part_~__ It, la =0.62 IcH Fel 
_ .. __ .-
--------~ --------
_. 
_ .... _. 
-_.- .. __ . _ .. _---- -_._-.----- -_._------
_._._--
1 _________ ~ ____ .. _____ ~ 
_ . 
~------8 0.04 -=~12 33.29 trunk '_1--_ 0.66 0.04934 1.015296 -_. --
--52 ---- ---------- 0.338952 1.105075 0.28 
~-
51 100 arms, 100 trunk, 4.81 legs ______ 0.9 
---- ~---;:~ ---- 45 0.231518 1.071771 108 0.19 100 legs, 37.14 trunk . 0.81 
---- 263 0.02 7 100 feet,.o.38 legs 0.64 0.024714 1.007661 
-- --
._--
---270 ----- --- 0.08 ----~ 
_ .. - .. _- -_._- -_. --.--._. --_ .. --f--~----._---- ---.- -_._---
-1.030486 44 100 legs, 34.37 trunk 
-_.- ·r----~ 0.098342 - _.-.- -- ------0.. - ----- 0.061622 1.019103 258 0.05 7 100 feet, 0, ~.9s ___ 0.67 
-
-----_.- ----_._---
-------
--_ .. _----- -_._--_.- ---_. 
----
------
.._----C----_ 
. _- ----- --_ .... _._ .. 
. -'-~---- ----co ----- ---.== .. _---_.- ~---.. - --_._ .. _-_._- ------ -- --.-----.-"'~.--.-- ------ ------ -_.-Ensemble 512 Measured: IcI :: 0.86 clo, fel :: 1.30 Predicted: Not predictable 
-_ .. _. ---_ . . .. _-.-.-_ .. _. . .. 
----- -------~-- .. --··T------·- ------r'·~·~---r- .-~ .... --. -----_ .. - ._--_._---_ .. - .. - _. __ ... - ---_._-- 'I-'~"--- y---.----
heat protective clothing 
Garment No Iclu % Acov I % Body part It, la =0.62 Icli Fel ~-~---- ~ j--------------~;C."'~8;;.:t-i-------I---tl ~ -= --+~::;~~.29;:;a~'·:::'~:::~~:::~C;-00=tru-n~k'-4;l.8"'lCCIC-eg-s-+--·- 1-.--~0::;06"'.~::+-----+-0;;:0".338'"'·0c:4"':5:,3~=+----+-7~ ::::~;;.~=,29"7~~ 
-. -- .--- 108 - - 0 19 ----l----04~5 ::::::~~loo~j,e~g~S~, 3~7~.1;4~tr~u~nkt~;~~~~~:::~::::::=--- +-~_·-_--;0~.~8~"Iloi----.--------_tI--;""0~.2~3~1~5tl 8t~::::::t~1~.0~7tl~7:::7~1: 
__ . _ 271 0.11 15 __ E1OO",:,-a",,,,m,,,s::., 4",.:,36:::.::tr.:;unc:k.:...t-.---+--.. - i__--Q~ ___ -I_O~. 1,",34:2=:B847"t~---1-71.",0~41~8:;1",41 
__ ... _. _________ 2"'6"'3+-___ 1_ _.;c0.~0~21---+---~7 c _____ 1,1;;;00~fe'_'e-;'t,_;;0_;;.3""8_;"e~g:::.s.-... ----._t-- _~ _. ____ t_-;0"'.0"'2"'4"'7"'14;;t- 1.007661 
258 0.05 7 100 feet, 0.38 legs +_-'0:.c.6::;7+ ____ +_0=.06=1:::.622=i~---._t-l'-'.:::.01:..:9'-'1.=.03~1 
--·:::::::;E~n"'s-e;;m;;:::.b"'"l:::.e--T·5!-'_1'"'3~::::::::::::~;M'-e -:..:a·-s-u-,e""'d'-: L,c"", =-=0.-=7=7-c.J.,o-, '""lc""l =--,-1. "2"'81----+---+---+P=-'-e""'di'""ctC-0"'"d:""'NLo"'",-e"o-'diCiablo -- -.---+----1--.---- ----
____ ._ .~=~ 'Garm'e~tN~---'-- Jci~ .. - ----".-"-. -%-A-c;;,,"" _____ ····j-'%:::...::B:.::od.::jLy-Cpa"rt-:......-·-_-_-_··_··_ 
I 
----... --- ----8 ---- ---0:04 ------12 33.29 trunk . ---0-.6-6 ----·~11--=0~.0'"'4"'9·=C34 - ...... -.- .. - .. -'1'""'.0"'17.529""6 
___ __ 2~ ____ .. __ ... _. __ . 0.28 __ . ________ .~l 100 a,ms, 100 trunk, 4.~~-'0!1!.... _ +.-_-_ ~0;;-."'9t-_-_.-_-_.------j-;;0". 3"'3~8;;9"'5:;;'2t- 1.105075 
__ ._ .. ____ 108 0.19 ____ ~ ______ 100Iegs,37.14trunk .. _. __ r---_____ ~- 0.231518 ·-·----·"1mmi 
268 0.05 1---_.10 74.46 a,ms 0.67 0.061622 1.019103 
263 ____ -=0",.0:;2+-___ _1----=7+----171 oo:::,-f;:o:.::o2.t, 70.",38;:-::'o",g"s-+ 0.64 0.024714 1.007661 
=:=:-:_1--_ 258 0.05 7 100 foet, 0.38Ie9s·_I-0.67 0.061622 1.019103 
ii,la;o-S2 __ ._._ .. _ .. _--+--:.::IC.:.:li __ ·-_--_···+·· _. _ ..._··_··_···--I·c:..F.::CI:...· ---~-·-I 
~~~::: _ - ~~'=].1. 4 ____ ~eo:a"'su"',.::od::;:.;.lc::;I_=-'O"_. 7:..o7c..c::;I;oo'c..:I::;cI_=_1,-,.2o;6,t_ ----/-----1------ _~_'O_d_ic_te_d_: +N_ot_: p_r,_ed_ic_t.a~rbrc.':::.O_ -c-----;;-:-"';+-----r,,-e----t----t;o-:c;----I 
____ Garment N~ _____ ~1:::.u __ +_. __ +·:::.Y,-'-A.::c=ov--I----I°"Vo:..:B::.:o::d:Ly= paa.rt,r'-___ +---+--
-.---------- ----I---;o=I'--·------j----;-;j----i=~=-o,I-------j 
8 0.04 12 33.29 trunk 
It, la =0.62 Icli Fcl 
0.66 0.04934 1.015296 
--.::::-:---- ·---1S~ ----- -----=~'"'.~"':t----I----'~~~+- __ +1.c:00",-,a"":cm,,,s'c' 1",00"",t",u",n",k'c.4, .. 8::.1:...I",eg",s,-+ __ _ 
-_-_-_ .. ~_-__ --__ ~-,,2;;6t.9t~~~_-~~~I-_-'0o-."'1201_---+__--..::43:t_ ~~O'~~~k~~~~~~:gkS ~-----I---
263 0.02 7 _1~1",0;;-0-,;fo"e-;,t,.."0:-;.3;;;8,,'e~g,,,s,-- -.. - ... ---f-----
------258 ------- -----o;Cis
l
-----·- ----7 -.--.. lQO_~~t, 03~ ~e~s 
0.9 0.338952 1.105075 
0.81 0.231518 1.071771 
- -
_. 
0.74 0.147027 1.045578 
0.64 0.024714 1.007661 
. ··--·-0-.6_-7 :~-_.-_-._--_r_-;g,"".-;;0"'6_-;c!.s;;;.?-"'.3ot ..... _. __ . ____ 1"0_1_9_1CJ.3 
.~~= ~nse~-bl~~l24'" -~ .... _: ~~.~~·ured;,'·(~L~i~~~~~I~ ... _~.: .. :~= __ -~ ===_''-~ ===~~:~~ P~.~~~~~~~=t'!~~predicta~I~-~~~.-=::~ =_=.=--=-=~~~=:.~. ~~-.'~'.~== =--==~ 
··~;~r:-~~1l!2=~ ·~~=-~~~~~,.;:,i:~~ ... ""i=~= i:i~:=~!~ 
heat protective clothing 
263 0.02 7 11001 •• t, 0.38 legs 
258 0.05 1100 feet, 038logs 
I ;25 : Icl = 1.74 cl ,fel = 1.5E . ~ot 
: No Iclu 1% Acov 1% Body part 
1·-~-'--~--~ol-----'~~~~----4----=f·----··-~~,~·~I-----+---'~--1-----8 0.04 12 33.29 trunk 
52 0.28 51 100 --"-'ms, l()Otrunk~.Bl legs . 
108 0.19 45 100 legs, 3,'.14 trunk 
I----I---~ 199+--_---I-_--,0"" .. 94~ __ -+-------'7~. _____ --t·~1 001:;::;: a,ms,,;;--,;;;' ,00",) t::::-::,unk",-" 6::r'c::: .. O ,,--8~::->! .. ~".. .j--____ . 
263 0.02 1100 feot..<C~ 
258 0.05 110010et, O.~gs 
0.67 
~ 
O.Bl 
1.56 
~024714 
o~ 
li".11 
O.~518 
1.;;/378 
1.007661 
1.019103 
IFcl 
1~ 1. 
1.07177 
1. 
1.00761 
1.019103 
chemical protective clothing 
I I I I I 
--. 
I I 
Ensemble 490 Measured: IcI = 1.42 cia, fcl - 1.45 Predicted: Icl - 1.29 clo, fcl = 1.23 
Garment No Iclu % Acov % Body part It, la =0:§2 Icli Fcl 
J 
47 O. I I 48 100 arms, 95.89 trunk 0.73 0.134884 1.041814 
48 0.07 44 lOO legs, 34.37 trunk 0.69 0.086122 1.026698 
120 0.51 81 100 legs, 100 trunk, 99.33 arms 1.13 0.608376 1.188597 
121 0.6 81 lOO legs, lOO trunk, 99.33 anms 1.22 0.712118 1.220757 
254 0.02 7 100 feet, 0.38 logs I 0.64 0.024714 1.007661 
- .. 
255 0.02 7 100 feet, 0.38 le!!" I 0.64 0.024714 1.007661 
rain protecti' .... e t;lothing 
11 
I I 
187 lel = 1.48 cl '. fel = 1.21 
1% Aeov 1- I t No lielu 1% Body part lit, la =0.6 Ilel; Fel 
1~~·=t===~4~jr-====t==3og)·1~1~====t===;4~a~====]'l~~~~)a~rm~s~ .. 9555·2899~tr~un~kt===:·=5t====~r===fO)··H7'f====~E~0) .. ~13~48~846=====tilIE04~118~1~'I'  __ ' .. 41 0.07 44 1100 leos. 34.37 trunk 6.6~ 
20, 0.31 44 il00Ieas.34.31trunk ~  1.~ 
,225 0.32 51 1100 arms, 100 trunk, 4.81 legs 0.94 1.11975~ 
1,---, 196 0.17 46 1100 legs. 39.92 trunk I 0.79 
:=-- 197 0.31 6( 1100 arms. 100 trunk. 3.28 leQs 0.9~ 
!~= ... _=+===.~~~+=~~t==jO)~.02~~~:~~Jtj~~:~'l0~0)~feet.~I,(~).3~81~lleitas=t~==t~~=t~=(f~~~~~=t(~QO:U~n~f't=~~ttll~~~. ,__ 255 0.02 1100 feet, 0.38 legs 0.64 O. 1.007661 
i:~~==I~~~~~18~6==~'~~~lcll~='ill~.42!e~I~,full~=Ill.4~!~===_~=~~~~~~~~OI~ell~='Ill.4~6l~clJ~~~~~I~~~===~==~~=====~====I 
I 
1--, IN liclu 1% Aeov 1% Body part lit. la =0.62 Ilel; IFcI 
o 1-====1===~~====~===s~====i===~t===~~~~~'~~===~l=====E==~n=====±i~~t===~~~m to 1-=---- ~~ O~~ :~ i~~029~~k~~.41 arms ~~E 001~~~~~ 204 0.31 4' 1100 legs,3437 trunk -6:92 -0:37449 1.116~ 
229 0.32 5 1100arms,100trunk,'.81 legs 0.9' 1.11975~ 
196 0.1 46 1100 leos. 39.92 trunk 0.75 1.064314 
.197 0.3 6( 1100 arms. 100 trunk, 33.281eos ~ ~I .. 
254 0.( 7 1100 feet, 0.38 legs 0.64 0.024714 1.007661 
255 0.D2 1100 feeU .38leos 0.64 0.024714 
1,485 lel = 1.42 clo, fel = 1.4! ; IcI=1.13elo.fcl=1.19 
.. , . __ ... 1% Aeov I % Body" p-"art,,~._ ... _ .. __ liel; 
I· ---- . 
APPENDIXE 
Source code for the PHOENICS thermoregulatory model 
APPENDIXE 
Ql file for the PHOENICS thermoregulatory model 
TALK~T;RUN( 1, l);VDU~VGAMOUSE 
o 
IRUNN 
o 
~ 1 ;LIBREF ~ o 
o 
************************************************************ 
Group 1. Run Title 
TEXT(Mesh optimisation 1 
************************************************************ 
Group 2. Transience 
STEADY ~ F 
* Set overall time and no. of steps 
RSET(U,O.OOOE+OO,7.200E+03,1440) 
************************************************************ 
Groups 3, 4, 5 Grid Information 
* Overall number of cells, RSET(M,NX,NY,NZ,tolerance) 
RSET(M,1,68,6) 
* Set overall domain extent: 
* xulast yvlast zwlast name 
XSI~ 6.283E+OO;YSI~ 1.20SE-Ol;ZSI~ S.749E-01;RSET(D,CHAM 
• Set objects: xO yO zO 
* dx dy dz name 
XPO~ O.OOOE+OO;YPO~ O.OOOE+OO;ZPO~ O.OOOE+OO 
XSI~ 6.283E+OO;YSI~ 7.210E-02;ZSI~ 8.987E-02;RSET(B,TRCO 
XPO~ O.OOOE+OO;YPO~ 7.210E-02;ZPO~ O.OOOE+OO 
XSI~ 6.283E+OO;YSI~ 3.S30E-02;ZSI~ 8.987E-02;RSET(B,TRMU 
XPO~ O.OOOE+OO;YPO~ 1.074E-01;ZPO~ O.OOOE+OO 
XSI~ 6.283E+OO;YSI~ 1.110E-02;ZSI~ 8.987E-02;RSET(B,TRFA 
XPO~ O.OOOE+OO;YPO~ 1.18SE-01;ZPO~ O.OOOE+OO 
XSI~ 6.283E+OO;YSI~ 2.000E-03;ZSI~ 8.987E-02;RSET(B,TRSK 
XPO~ O.OOOE+OO;YPO~ O.OOOE+OO;ZPO~ 8.987E-02 
XSI~ 6.283E+OO;YSI~ 4.010E-02;ZSI~ 1.370E-Ol;RSET(B,LECO 
XPO~ O.OOOE+OO;YPO~ 4.010E-02;ZPO~ 8.987E-02 
XSI~ 6.283E+OO;YSI~ 2.290E-02;ZSI~ 1.370E-Ol;RSET(B,LEMU 
XPO~ O.OOOE+OO;YPO~ 6.300E-02;ZPO~ 8.987E-02 
XSI~ 6.283E+OO;YSI~ 4.300E-03;ZSI~ 1.370E-Ol;RSET(B,LEFA 
XPO~ O.OOOE+OO;YPO~ 6.730E-02;ZPO~ 8.987E-02 
XSI~ 6.283E+OO;YSI~ 2.000E-03;ZSI~ 1.370E-01;RSET(B,LESK 
XPO~ O.OOOE+OO;YPO~ O.OOOE+OO;ZPO~ 2.269E-Ol 
XSI~ 6.283E+OO;YSI~ S.928E-02;ZSI~ 3.080E-02;RSET(B,HECO 
XPO~ O.OOOE+OO;YPO~ S.928E-02;ZPO= 2.269E-01 
XSI~ 6.283E+OO;YSI~ 3.720E-03;ZSI~ 3.080E-02;RSET(B,HEMU 
XPO~ O.OOOE+OO;YPO~ 6.300E-02;ZPO~ 2.269E-01 
XSI~ 6.283E+OO;YSI~ 4.300E-03;ZSI~ 3.080E-02;RSET(B,HEFA 
XPO~ O.OOOE+OO;YPO~ 6.730E-02;ZPO~ 2.269E-Ol 
XSI~ 6.283E+OO;YSI~ 2.000E-03;ZSI~ 3.080E-02;RSET(B,HESK 
XPO~ O.OOOE+OO;YPO~ O.OOOE+OO;ZPO~ 2.S77E-Ol 
XSI~ 6.283E+OO;YSI~ 3.140E-02;ZSI~ 7.246E-02;RSET(B,ARCO 
XPO~ O.OOOE+OO;YPO~ 3.l40E-02;ZPO~ 2.S77E-01 
XSI~ 6.283E+OO;YSI~ 1.830E-02;ZSI~ 7.246E-02;RSET(B,ARMU 
XPO~ O.OOOE+OO;YPO~ 4.970E-02;ZPO~ 2.S77E-Ol 
XSI= 6.283E+OO;YSI= 4.l00E-03;ZSI~ 7.246E-02;RSET(B,ARFA 
XPO~ O.OOOE+OO;YPO~ S.380E-02;ZPO~ 2.S77E-Ol 
XSI~ 6.283E+OO;YSI= 1.800E-03;ZSI~ 7.246E-02;RSET(B,ARSK 
XPO~ O.OOOE+OO;YPO= O.OOOE+OO;ZPO~ 3.302E-Ol 
XSI= 6.283E+OO;YSI~ 9.900E-03;ZSI~ 1.387E-01;RSET(B,FECO 
XPO~ O.OOOE+OO;YPO~ 9.900E-03;ZPO~ 3.302E-Ol 
XSI= 6. 283E+OO; YSI= 2 .lOOE-G3; ZSI~ 1. 387E-01; RSET (B, FEFA 
XPO~ O.OOOE+OO;YPO= 1.200E-02;ZPo~ 3.302E-01 
XSI= 6.283E+OO;YSI~ 2.900E-03;ZSI~ 1.387E-01;RSET(B,FESK 
XPO~ O.OOOE+OO;YPO~ O.OOOE+OO;ZPO~ 4.689E-Ol 
E-l 
XSI= 6.283E+OO;YSI= 8.800E-03;ZSI= 1.060E-01;RSET(B,HACO 
XPO= O.OOOE+OO;YPO= 8.800E-03;ZPO= 4.689E-01 
XSI= 6.283E+OO;YSI= 3.200E-03;ZSI= 1.060E-01;RSET(B,HAFA 
XPO= O.OOOE+OO;YPO= 1.200E-02;ZPO= 4.689E-01 
XSI= 6.283E+OO;YSI= 2.900E-03;ZSI= 1.060E-01;RSET(B,HASK 
• Cylindrical-polar grid 
CARTES=F 
• Modify grid 
RSET(Y,1,4,1.OOOE+OO) 
RSET(Y,2,2,1.000E+OO) 
RSET(Y,3,2,1.000E+OO) 
RSET(Y,4,2,1.000E+OO) 
RSET(Y,S,6,1.000E+OO) 
RSET(Y,6,4,1.000E+OO) 
RSET(Y,7,4,1.OOOE+OO) 
RSET(Y,8,2,1.000E+OO) 
RSET(Y,9,2,1.000E+OO) 
RSET(Y,10,2,1.000E+OO) 
RSET(Y,11,2,1.000E+OO) 
RSET(Y,12,2,1.OOOE+OO) 
RSET(Y,13,2,1.000E+OO) 
RSET(Y,14,2,1.000E+OO) 
RSET(Y,lS,20,1.000E+OO) 
RSET(Y,16,8,1.OOOE+OO) 
RSET(Y,17,2,1.000E+00) 
***********~****************************************** ****** 
Group 6. Body- Fi tted coordinates 
************~***************************************** ****** 
Group 7. Variables: STOREd,SOLVEd,NAMEd 
ONEPHS = T 
* Non-default variable names 
NAME (44) =TMPC 
NAME(4S) =TMPS 
NAME(47) =TEM1 ; NAME(48) =BLOK 
NAME (49) =PRPS 
* Solved variables list 
SOLVE (TEM1) 
* Stored variables list 
STORE(PRPS,BLOK,TMPS,TMPC) 
* Additional solver options 
SOLUTN(TEM1,Y,Y,Y,N,N,Y) 
IVARBK -1 ; I SOLBK = 1 
***********************************************************. 
Group 8. Terms & Devices 
TERMS (TEM1,N,Y,Y,Y,Y,N) 
NEWRH1 T 
ISOLX o ;1SOLY o ; 1SOLZ o 
****************************************************** ***~r* 
Group 9. Properties 
RHOl GRNDlO 
TEMPO 
ENUL 
DRH1DP 
2.730E+02 
1.788E-06 ; ENUT 
GRND10 
PRNDTL(TEMl) = -GRNDlO 
CPl GRNDlO 
O.OOOE+OO 
• List of user-defined materials to be read by EARTH 
MATFLG=T;IMAT=22 
• Name 
*Ind. Dens. Viscos. Spec. heat Conduct. £xpans. Cornpr. 
• <TRUNK CORE> 
170 8.3263E+02 l.ES 3.384E+03 S.4300E-Ol 0.0 0.0 
E·2 
* 
* 
* 
* 
* 
* 
* 
• 
* 
* 
* 
* 
* 
* 
<TRUNK MUSCLE> 
171 1.0006E+03 1.ES 3.780E+03 4.1BOOE-01 0.0 0.0 
<TRUNK FAT> 
172 9.986SE+02 1.ES 2.S20E+03 1.6000E-01 0.0 0.0 
<TRUNK SKIN> 
173 1.0003E+03 1.ES 3.780E+03 3.3400E-01 0.00.0 
<LEG CORE> 
174 1.0026E+03 1.ES 2.SS6E+03 S.4300E-01 0.0 0.0 
<LEG MUSCLE> 
17S 1.0026E+03 1.ES 3.780E+03 4.1BOOE-01 0.00.0 
<LEG FAT> 
176 9.B680E+02 1.ES 2.S20E+03 1.6000E-Ol 0.0 0.0 
<LEG SKIN> 
177 1.0204E+03 1.ES 3.780E+03 3.3400E-01 0.00.0 
<HEAD CORE> 
178 B.B477E+02 1.ES 3.096E+03 S.4300E-Ol 0.0 0.0 
<HEAD MUSCLE> 
179 9.0423E+02 1.ES 3.780E+03 3.4610E-01 0.0 0.0 
<HEAD FAT> 
180 8.9067E+02 1.ES 2.S20E+03 1.3813E-Ol 0.0 0.0 
<HEAD SKIN> 
1B1 B.6894E+02 1.ES 3.780E+03 2.7BS6E-01 0.0 0.0 
<ARM CORE> 
182 1.002SE+03 1.ES 2.664E+03 S.4300E-01 0.0 0.0 
<ARM MUSCLE> 
183 9.9749E+02 1.ES 3.780E+03 4.1BOOE-01 0.0 0.0 
<ARM FAT> 
184 1.0042E+03 1.ES 2.S20E+03 1.6000E-01 0.0 0.0 
<ARM SKIN> 
1BS 1.013SE+03 1.ES 3.780E+03 3.3400E-01 0.0 0.0 
* <FEET CORE> 
* 
* 
• 
• 
* 
1B6 1.006SE+03 1.ES 2.340E+03 S.4300E-01 0.0 0.0 
<FEET FAT> 
187 9.7333E+02 1.ES 2.818E+03 1.4S8BE-01 0.0 0.0 
<FEET SKIN> 
188 9.9027E+02 1.ES 3.7BOE+03 3.3400E-01 0.0 0.0 
<HAND CORE> 
189 1.0079E+03 1.ES 2.26BE+03 S.4300E-01 0.0 0.0 
<HAND FAT> 
190 9.9091E+02 1.ES 2.896E+03 2.14S9E-01 0.0 0.0 
<HAND SKIN> 
191 9.89S8E+02 1.ES 3.7BOE+03 3.3400E-01 0.0 0.0 
************************************************************ 
Group lO.Inter-Phase Transfer Processes 
************************************************************ 
Group 11.Initialise Var/Porosity Fields 
FIINIT(TMPC) = 3.6B9E+01 
FI INIT (TMPS) 
FIINIT (TEM1) 
FIINIT (PRPS) 
CONPOR(TRLE 
CONPOR(LEHE 
CONPOR(HEAR 
CONPOR(ARFO 
CONPOR (FOHA 
3.40BE+Ol 
READFI ;FIINIT(BLOK) = 1.000E+00 
O.OOOE+OO 
O.OO.HIGH .#1.#1.#1.117.#1.#1) 
D.DD.HIGH .#1.#1.#1.#17.#2.#2) 
D.DD.HIGH .#1.#1.#1.#17.13.#3) 
D.DD.HIGH .#I.#l.#l.#17.IS.#S) 
E-3 
CONPOR(LEG 
CONPOR(HEAD 
CONPOR(ARM 
CONPOR(FEET 
CONPOR(HAND 
CONPOR(TRCO 
INIT (TRCO 
INIT(TRCO 
CONPOR(TRMU 
INIT(TRMU 
INIT(TRMU 
CONPOR(TRFA 
INIT(TRFA 
INIT (TRFA 
CONPOR (TRSK 
INIT(TRSK 
INIT(TRSK 
CONPOR(LECO 
INIT(LECO 
INIT(LECO 
CONPOR(LEMU 
INIT(LEMU 
INIT(LEMU 
CONPOR(LEFA 
INIT(LEFA 
INIT(LEFA 
CONPOR(LESK 
INIT(LESK 
INIT(LESK 
CONPOR(HECO 
INIT(HECO 
INIT(HECO 
CONPOR(HEMU 
INIT(HEMU 
INIT(HEMU 
CONPOR(HEFA 
INIT(HEFA 
INIT(HEFA 
CONPOR(HESK 
INIT(HESK 
IN IT (HES K 
CONPOR(ARCO 
INIT(ARCO 
INIT(ARCO 
O.OO,NORTH ,#1,#1,#13,#13,#2,#2) 
O.OO,NORTH ,#1,#1,#13,#13,#3,#3) 
O.OO,NORTH ,#1,#1,#9,#9,#4,#4) 
O.OO,NORTH ,#1,#1,#4,#4,#5,#5) 
O.OO,NORTH ,#1,#1,#4,#4,#6,#6) 
-1.00,CELL ,#1,#1,#1,#14,#1,#1) 
,BLOK, O.OOOE+OO, 2.000E+00) 
,PRPS, O. OOOE+OO, 1. 700E+02) 
,-1.00,CELL ,#1,#1,#15,#15,#1,#1) 
,BLOK, O.OOOE+OO, 3.000E+00) 
,PRPS, O.OOOE+OO, 1.710E+02) 
,-1.00,CELL ,#1,#1,#16,#16,#1,#1) 
,BLOK, O.OOO~+OO, 4.000E+00) 
,PRPS, O.OOOE+OO, 1. 720E+02) 
,-1.00,CELL ,#1,#1,#17,#17,#1,#1) 
,BLOK, O. OOOE+OO, 5. OOOE+OO) 
,PRPS, O.OOOE+OO, 1.730E+02) 
,-1.00,CELL ,#1,#1,#1,#6,#2,#2) 
,BLOK, O. OOOE+OO, 6. OOOE+OO) 
,PRPS, O.OOOE+OO, 1.740E+02) 
,-1.00,CELL ,#1,#1,#7,#11,#2,#2) 
,BLOK, O.OOOE+OO, 7.000E+OO) 
,PRPS, O.OOOE+OO, 1.750E+02) 
,-1.00,CELL ,#1,#1,#12,#12,#2,#2) 
,BLOK, O.OOOE+OO, 8.000E+00) 
, PRPS, O. OOOE+OO, 1. 760E+02) 
,-1.00,CELL ,#1,#1,#13,#13,#2,#2) 
,BLOK, O.OOOE+OO, 9.000E+00) 
,PRPS, O.OOOE+OO, 1.770E+02) 
,-1.00,CELL ,#1,#1,#1,#10,#3,#3) 
,BLOK, O. OOOE+OO, 1. 000E+01) 
,PRPS, O.OOOE+OO, 1.780E+02) 
,-1.00,CELL ,#1,#1,#11,#11,#3,#3) 
,BLOK, O.OOOE+OO, 1.100E+01) 
,PRPS, O. OOOE+OO, 1.790E+02) 
, -1.00,CELL ,#1,#1,#12,#12,#3,#3) 
,BLOK, O. OOOE+OO, 1. 200E+01) 
, PRPS, O. OOOE+OO, 1. 800E+02) 
, -1. 00, CELL ,#1, #1, #13, #13, #3, #3) 
,BLOK, O. OOOE+OO, 1. 300E+01) 
,PRPS, O.OOOE+OO, 1. 810E+02) 
,-LOO,CELL ,#1,#1,#1,#5,#4,#4) 
,BLOK, O.OOOE+OO, 1.400E+01) 
,PRPS, O.OOOE+OO, L820E+02) 
E-l 
CONPOR(ARMU 
INIT(ARMU 
INIT(ARMU 
CONPOR (ARFA 
INIT(ARFA 
INIT(ARFA 
CONPOR(ARSK 
IN IT (ARSK 
INIT(ARSK 
CONPOR(FECO 
INIT(FECO 
INIT (FECO 
CONPOR(FEFA 
INIT(FEFA 
INIT(FEFA 
CONPOR(FESK 
INIT(FESK 
INIT(FESK 
CONPOR(HACO 
INIT(HACO 
INIT(HACO 
CONPOR(HAFA 
INIT(HAFA 
INIT(HAFA 
CONPOR(HASK 
INIT(HASK 
INIT(HASK 
,-1.00,CELL ,ff1,ff1,ff6,ff7,ff4,ff4) 
,BLOK, O.OOOE+OO, 1.S00E+01) 
,PRPS, O.OOOE+OO, 1.830E+02) 
,-1.00,CELL ,ff1,ff1,ff8,ff8,ff4,ff4) 
,BLOK, O.OOOE+OO, 1.600E+0l) 
,PRPS, O. OOOE+OO, 1. 840E+02) 
,-1.00,CELL ,ff1,ff1,ff9,#9,ff4,#4) 
,BLOK, O.OOOE+OO, 1.700E+0l) 
, PRPS, O. OOOE+OO, 1. 8S0E+02) 
,-1.00,CELL ,#1,ff1,#1,#2,#S,#S) 
,BLOK, O. OOOE+OO, 1. 800E+0l) 
,PRPS, O.OOOE+OO, 1.B60E+02) 
,-1.00,CELL ,#1,ff1,#3,#3,#S,#S) 
,BLOK, O. OOOE+OO, 1. 900E+01) 
,PRPS, O.OOOE+OO, 1.870E+02) 
,-1.00,CELL ,#1,nl,#4,#4,#S,#S) 
,BLOK, O. OOOE+OO, 2. OOOE+01) 
,PRPS, O.OOOE+OO, 1.B80E+02) 
,-1.00,CELL ,n,nl,ffl,#1,#6,#6) 
,BLOK, O.OOOE+OO, 2.100E+01) 
, PRPS, O. OOOE+OO, 1. 8 90E+02) 
, -1. 00, CELL ,#1, ffl, #2, #3, ff6, #6) 
,BLOK, O.OOOE+OO, 2.200E+01) 
,PRPS, O.OOOE+OO, 1.900E+02) 
,-1.00,CELL ,#1,#1,#4,#4,ff6,#6) 
,BLOK,. O. OOOE+OO, 2. 300E+Ol) 
,PRPS, O.OOOE+OO, 1.910E+02) 
RSTGRD = F 
INlADD = F 
NAMFI TSET 
************************************************************ 
Group 12. Convection and diffusion adjustments 
************************************************************ 
Group 13. Boundary & Special Sources 
PATCH (TRRAD ,NORTH ,ffl, #1, #17, #17, #1, #L 1, LSTEP) 
COVAL (TRRAD , TEMl, FIXFLU , GRND2 ) 
PATCH (LERAD ,NORTH ,#1,ffl,#13,#13,#2,#2,1,LSTEP) 
COVAL (LERAD , TEM1, FlXFLU , GRND2 ) 
PATCH (HERAD ,NORTH ,#1,ffl,#13,#13,ff3,#3,1,LSTEP) 
COVAL (HERAD , TEM1, FlXFLU , GRND2 ) 
PATCH (ARRAD , NORTH , ff 1, #1 , # 9 , ff 9, # 4 , ff 4 , L LST EP ) 
COVAL (ARRAD , TEMl, FIXFLU , GRND2 ) 
PATCH (FERAD , NORTH ,#1, #1, #4, #4, #5, #5, 1, LSTEP) 
COVAL ( FERAD , TEMl, FIXFLU , GRND2 ) 
E-5 
PATCH (HAAAD , NORTH ,#1, #1, #4, #4, #6, #6, 1, LSTEP) 
COVAL (HARAD I TEMl, FIXFLU , GRND2 ) 
PATCH (TRCMH ,VOLUME,#1,#1,#1,#14,#1,nl,1,LSTEP) 
COVAL (TRCMH , TEMl, FIXFLU , 3.S8SE+03) 
PATCH (TRFMH ,VOLUME,#1,#1,#16,#16,#1,#1,1,LSTEP) 
COVAL (TRFMH I TEMl, FIXFLU , 3.S22E+02) 
PATCH (TRSMH ,VOLUME,#1,#1,#17,#17,#1,#1,1,LSTEP) 
COVAL (TRSMH , TEMl, FIXFLU , 3.481E+02) 
PATCH (TRCBF ,VOLUME,#1,#1,#1,#14,#1,#1,1,LSTEP) 
COVAL (TRCBF , TEMl, 1. 431E+04, GRND ) 
PATCH (TRFBF ,VOLUME,#1,#1,#16,#16,#1,#1,1,LSTEP) 
COVAL (TRFBF ITEMl, 3.621E+02, GRND ) 
PATCH (LECMH ,VOLUME,#1,#1,#1,#6,#2,#2,1,LSTEP) 
COVAL (LECMH ,TEMl, FIX FLU , 3.748E+02) 
PATCH (LEFMH ,VOLUME,#1,#1,#12,#12,#2,#2,1,LSTEP) 
COVAL (LEFMH , TEMl, FIXFLU , 2.101E+02) 
PATCH (LESMH ,VOLUME,#1,#1,#13,#13,#2,#2,1,LSTEP) 
COVAL (LESMH , TEMl, FIX FLU , 3.083E+02) 
PATCH (LECBF ,VOLUME,#1,#1,#1,#6,#2,#2,1,LSTEP) 
caVAL (LECBF , TEM!, 3.893E+02, GRND ) 
PATCH (LEFBF ,VOLUME,#1,#1,#12,#12,#2,#2,1,LSTEP) 
COVAL (LEFBF I TEMl, 2.18SE+02, GRND ) 
PATCH ( HECl".H ,VOLUME,#1,#1,#1,#lO,#3,#3,1,LSTEP) 
COVAL (HECMH , TEMl, FIXFLU , 4.967E+03) 
PATCH (HEFMH ,VOLUME,#1,#1,#12,#12,#3,#3,1,LSTEP) 
COVAL (HEFMH , TEMl, FIX FLU , 3. S14E+02) 
PATCH (HESMH ,VOLUME,#1,#1,#13,#13,#3,#3,1,LSTEP) 
COVAL (HESMH ,TEMl, FIXFLU , 3.704E+02) 
PATCH (HECBF ,VOLUME,#1,#1,#1,#lO,#3,#3,1,LSTEP) 
COVAL (HECBF ITEM!, 1. 49SE+04, GRND ) 
PATCH (HEFBF ,VOLUME,#1,#1,#12,#12,#3,#3,1,LSTEP) 
COVAL (HEFBF , TEMl, 3.S13E+02, GRND ) 
PATCH (ARCMH ,VOLUME,#1,#1,#1,#S,#4,#4,1,LSTEP) 
COVAL (ARCMH ,TEMl, FIXFLU , 3.661E+02) 
PATCH (ARFMH ,VOLUME,#1,#1,#8,#8,#4,#4,1,LSTEP) 
COVAL (ARFMH , TEMl, FIXFLU , 2.16SE+02) 
PATCH (ARSMH ,VOLUME,#1,#1,#9,#9,#4,#4,1,LSTEP) 
COVAL (ARSMH , TEMl, FIXFLU , 3.12SE+02) 
PATCH (ARCBF I VOLUME, #1, #-1, #1, #5, 114, 1#4, I, LSTEP) 
COVAL (ARCBF ,TEMl, 3.750E+02, GRND ) 
PATCH (ARFBF , VOLUME, #1, #1, #8, #8, /:14, #4, I, LSTEP) 
E-6 
COVAL (ARFBF , TEMl, 2.062E+02, GRND 
PATCH (FECMH ,VOLUME,Ul,Ul,Ul,U2,U5,U5,1,LSTEP) 
COVAL (FECMH ITEM!, FIXFLU , 3.488E+02) 
PATCH (FESMH ,VOLUME,Ul,Ul,U4,U4,U5,U5,1,LSTEP) 
COVAL (FESMH , TEM!, FIXFLU , 3.333E+02) 
PATCH (FECBF ,VOLUME,Ul,Ul,Ul,U2,U5,U5,1,LSTEP) 
COVAL (FECBF I TEMI, 3.721E+02, GRND ) 
PATCH (HACMH ,VOLUME,Ul,#1,Ul,Ul,U6,U6,1,LSTEP) 
COVAL (HACMH , TEMl, FIXFLU , 3.462E+02) 
PATCH (HASMH ,VOLUME,Ul,Ul,U4,U4,U6,U6,1,LSTEP) 
COVAL (HASMH I TEMI, FI X FLU , 3.158E+02) 
PATCH (HACBF ,VOLUME,Ul,Ul,Ul,Ul,U6,U6,1,LSTEP) 
COVAL (HACBF , TEMI, 3.846E+02, GRND ) 
PATCH (TRSBF ,VOLUME,Ul,Ul,#17,#17,#1,#1,1,LSTEP) 
COVAL (TRSBF , TEM!, GRND3 , GRND ) 
PATCH (LESBF ,VOLUME,#1,Ul,#13,#13,U2,U2,1,LSTEP) 
COVAL (LESBF , TEM!, GRND3 , GRND ) 
PATCH (HESBF ,VOLUME,Ul,#1,#13,U13,U3,#3,1,LSTEP) 
COVAL (HESBF , TEM!, GRND3 , GRND ) 
PATCH (ARSBF ,VOLUME,Ul,Ul,#9,U9,U4,#4,1,LSTEP) 
COVAL (ARSBF , TEMI, GRND3 , GRND ) 
PATCH (FESBF ,VOLUME,#1,#1,#4,U4,#5,#S,1,LSTEP) 
COVAL (FESBF ITEM! , GRND3 , GRND ) 
PATca (HASBF ,VOLUME,#1,#1,U4,U4,U6,U6,1,LSTEP) 
COVl'.L (HASBF , TEMl, GRND3 , GRND ) 
PATCH (TRMMH ,VOLUME,Ul,Ul,U1S,U1S,Ul,Ul,1,LSTEP) 
COVAL (TRMMH ,TEM!, FIXFLU , GRND4 ) 
PATCH (TRMBF ,VOLUME,#1,Ul,U1S,U15,Ul,Ul,1,LSTEP) 
COVAL (TRMBF ,TEM1, GRND2 , GRND ) 
PATCH (LEMMH ,VOLUME,Ul,Ul,U7,Ull,U2,U2,1,LSTEP) 
COVAL (LEMMH , TEMl, FIXFLU , GRND4 ) 
PATCH (LEMBF ,VOLUME,Ul,#1,#7,#11,#2,U2,1,LSTEP) 
COVAL (LEMBF ,TEM1, GRND2 , GRND ) 
PATCH (HEMMH ,VOLUME,#1,#1,Ull,#11,#3,U3,1,LSTEP) 
COVAL (HEMMH , TEM!, FIXFLU , GRND4 ) 
PATCH (HEMBF ,VOLUME,#1,#1,#11,ijll,#3,U3,1,LSTEP) 
COVAL (HEMBF , TEMl, GRND2 , GRND ) 
PATCH (ARMMH ,VOLUME,Ul,#1,#6,U7,#4,#4,1,LSTEP) 
COVAL (ARMMH , TEMI, E'IXfLU , GPJID4 ) 
PATCH (ARMBF ,VOLUME,#1,Ul,#6,#7,#4,#4,1,LSTEP) 
COVAL (ARMBF , TEM!, GRND2 , GRND ) 
E-7 
PATCH (FEMMH ,VOLUME,#I,#I,#3,#3,#5,#5,I,LSTEP) 
COVAL (FEMMH I TEMl, FIXFLU , GRND4 ) 
PATCH (FEMBF ,VOLUME,#I,#I,#3,#3,#5,#5,I,LSTEP) 
COVAL (FEMBF I TEMl, GRND2 , GRND ) 
PATCH (HAMMH ,VOLUME,#I,#I,#2,U3,U6,#6,I,LSTEP) 
COVAL (HAMMH I TEMl, FIXFLU , GRND4 ) 
PATCH (HAMBF ,VOLUME,Ul,Ul,U2,U3,#6,U6,I,LSTEP) 
COVAL (HAMBF , TEMl, GRND2 , GRND ) 
PATCH (TRCOV ,NORTH ,Ul, #1, U17, #17, #1, U1, 1, LSTEP) 
COVAL (TRCOV , TEMl, FIXFLU , GRNDl ) 
PATCH (TREVP , NORTH ,U1,U1,#17,UI7,U1,#I,I,LSTEP) 
COVAL (TREVP I TEMl, FIXFLU , GRND3 ) 
PATCH (LECOV ,NORTH ,Ul,Ul,#13,113,12,U2,I,LSTEP) 
COVAL (LECOV , TEMl, FIX FLU , GRNDl ) 
PATCH (LEEVP , NORTH ,Ul, #1, 113, U13, 12,12,1, LSTEP) 
COVAL (LEEVP , TEMl, FIXFLU , GRND3 ) 
PATCH (HECOV ,NORTH ,Ul,ll,113,113,13,13,1,LSTEP) 
COVAL (HECOV , TEMl, FIX FLU , GRNDl ) 
PATCH (HEEVP , NORTH ,ll,11,113,113,13,13,1,LSTEP) 
COVAL (HEEVP , TEMl, FIXFLU , GRND3 ) 
PATCH (ARCOV , NORTH ,ll,#1,U9,19,U4,14,1,LSTEP) 
COVAL (ARCOV , TEMl, FIXFLU , GRNDl ) 
PATCH (AREVP ,NORTH ,Ul,ul,U9,U9,14,U4,I,LSTEP) 
COVAL (AREVP , TEMl, FIXFLU , GRND3 ) 
PATCH (FECOV ,NORTH ,ll,Ul,14,14,U5,15,1,LSTEP) 
COVAL (FECOV , TEMl, FIXFLU , GRNDl ) 
PATCH (FEEVP , NORTH ,Ul, 11, 14, 14, IS, IS, 1, LSTEP) 
COVAL (FEEVP , TEMl, FIX FLU , GRND3 ) 
PATCH (HACOV ,NORTH ,ll,ll,14,11,16,16,I,LSTEP) 
COVAL (HACOV , TEMl, FIXFLU , GRNDl ) 
PATCH (HAEVP , NORTH ,11,11, #4, 14, U6, 16, 1, LSTEP) 
COVAL (HAEVP ITEMl, FIXFLU , GRND3 ) 
PATCH (RESPHL ,VOLUME,Ul,ll,#I,114,#1,ll,I,LSTEP) 
COVAL (RESPHL ITEMl, FIXFLU ,-7. 1l9E+02) 
PATCH (TRDUM ,VOLUME,ll,ll,#17,#17,ll,ll,1,LSTEP) 
COVAL (TRDUM ITEM!, GRND , O.OOOE+OO) 
PATCH (LEDUM ,VOLUME,ll,#I,UI3,113,12,U2,1,LSTEP) 
COVAL (LEDUM I TEMl, GRND , O. OOOE+OO) 
PATCH (HEDUM ,VOLUME, 11, #1, #13, n13, 13, 13, 1, LSTEP) 
COVAL (HEDUM , TEMl, GRND , O.OOOE+OO) 
E·8 
PATCH (ARDUM ,VOLUME, #1, #1, #9, #9, #4, #4, 1, LSTEP) 
COVAL (ARDUM ,TEM1, GRND O.OOOE+OO) 
PATCH (FEDUM ,VOLUME,#1,#1,#4,#4,#5,#5,1,LSTEP) 
COVAL (FEDUM ,TEM1, GRND O.OOOE+OO) 
PATCH (HADUM ,VOLUME,#1,#1,#4,#4,#6,#6,1,LSTEP) 
COVAL (HADUM ,TEM1, GRND O.OOOE+OO) 
EGWF T 
************************************************************ 
Group 14. Downstream Pressure For PARAB 
Group 
LSWEEP 
SELREF 
RESFAC 
15. 
= 
= 
Terminate Sweeps 
30 
T 
1.000E-03 
************************************************************ 
Group 16. Terminate .Iterations 
ENDIT (TEM1) 1.000E-03 
************************************************************ 
Group 17. Relaxation 
****************************~************************* ****** 
G~oup 18. Limits 
************************************************************ 
Group 
CSG3 
CSG10 
19. EARTH Calls To GROUND Station 
=CNGR 
=Q1 
************************************************************ 
Group 20. 
ECHO 
Preliminary Printout 
T 
************************************************************ 
G~oup 21. 
INIFLD = 
Print-out of Variables 
T 
OUTPUT{NPOR,N,N,N,Y,N,N) 
OUTPUT{HPOR,N,N,N,Y,N,N) 
************************************************************ 
G~oup 22. 
TSTSWP = 
Monitor Print-Out 
-1 
************************************************************ 
Group 
NTPRIN 
NYPRIN 
IZPRF 
IYPRF 
NZPRIN 
ITABL 
23.Field P~int-Out & Plot 
1440 ISTPRF = 1 
= 
= 
1 
1 
1 ;IYPRL 
1 
o 
No PATCHes used fo~ this G~oup 
Control 
ISTPRL 
68 
10000 
**********~**********************~******************** ****** 
Group 24. Dumps For Restarts 
************************************************************ 
MENSAV(S,RELX,DEF,1.8538E-03,1.0000E-05,0) 
MENSAV(S,PHSPROP,DEF,200,0, 1. 1890E+00,1.0000E-05) 
MENSAV(S,FLPRP,DEF,LAMINAR,NOTSET,AIR-CONSTANT) 
STOP 
E·9 
APPENDIXE 
GROUND file for the PHOENICS thermoregulatory model 
C FILE NAME GROUND.FTN--------------------------------081294 
SUBROUTINE GROUND 
INCLUDE '\d phoe21\d includ\satear' 
INCLUDE '\d=phoe21\d=includ\grdloc' 
INCLUDE '\d_phoe21\d_includ\grdear' 
INCLUDE '\d_phoe21\d_includ\grdbfc' 
CXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX USER SECTION STARTS: 
C 
C I Set dimensions of data-for-GROUND arrays here. WARNING: the 
C corresponding arrays in the MAIN program of the satellite 
C and EARTH must have the same dimensions. 
C 
C 
PARAMETER (NLG=IOO, NIG=200, NRG=200, NCG=IOO) 
COMMON/LGRND/LG(NLG)/IGRND/IG(NIG)/RGRND/RG(NRG)/CGRND/CG(NCG) 
COMMON/THERM/BFS 
LOGICAL LG 
CHARACTER*4 CG 
REAL TSET,ERROR,WARMS,COLDS,WARMC,COLDC, ERRORC, LR,RT,EMAX,RH,E, 
+MVOL,IECL,TA,VEL,LRIM,ITIM,IM,TCL,HC,HR,OLDTCL,FACL,HCB,TAIM, 
+TRIM,TSKIM,HCIM,TCLIM,TCLOLD,HRIM,CLO,TR,ARAD,SURFT,EB,SVPS, 
+SVPA, TDIF 
INTEGER CLOCK,K,V 
C 2 User dimensions own arrays here, for example: 
C DIMENSION GUH(IO,IO),GUC(IO,IO),GUX(lO,IO),GUZ(IO) 
C 
DIMENSION TSET(ISOO),ERROR(ISOO) ,WARM(ISOO) ,COLD(ISOO) 
C 
C 3 User places his data statements here, for example: 
C DATA NXDIM,NYDIM/IO,IO/ 
C 
C 
C Input parameters 
C 
C 
DATA TA/S.0/,TR/S.0/,VEL/4.6/,RH/O.14/,WORK/0.O/ 
+CLO/O.OOOOOI/,FACL/I.OOO/,IM/O.S/ 
C Other set values 
C 
C 
DATA TMPCB/36.7143478/,THEATF/0.0/,TCL/0.0/,HC/0.0/ 
+CLOCK/O.O/,WARMS/O.O/,COLDS/O.O/,WARMC/O.O/ 
+COLDC/O.O/,IECL/O/,HR/O.O/ 
+QB/86.49/,TCM/36.B960/,TSM/34.0BI9/ 
C Set values for model's controller coefficients 
C 
c DATA CSW/O.O/,SSW/O.O/ 
c +PSW/O.O/,CDIL/O.O/,SDIL/O.O/,PDIL/O.O/,CCON/O.O/,SCON/0.0/ 
c +PCON/O.O/,CCHIL/O.O/,SCHIL/O.O/,PCHIL/O.O/,BULL/IO.O/ 
C 
DATA CSW/372.0/,SSW/33.7/ 
+PSW/0.0/,CDIL/136.0/,SDIL/B.9/,PDIL/0.0/,CCON/IO.8/,SCON/IO.S/ 
+PCON/0.0/,CCHIL/13.0/,SCHIL/0.04/,PCHIL/l.0/,BULL/10.0/ 
C 4 Insert own coding below as desired, guided by GREX examples. 
C Note that the satellite-to-GREX special data in the labelled 
C cm·1MONs /RSG/, /ISG/, /LSG/ and /CSG/ can be included and 
C used below but the user must check GREX for any conflicting 
C uses. The same comment applies to the EARTH-spare working 
C arrays EASPI, EASP2, .... EASP20. In addition to the EASPs, 
E-1O 
C there are 10 GRound-earth SPare arrays, GRSP1, ... ,GRSP10, 
C supplied solely for the user, which are not used by GREX. If 
C the call to GREX has been deactivated then all of the arrays 
C may be used without reservation. 
C 
c 
IXL=IABS (IXL) 
IF(IGR.EQ.13) GO TO 13 
IF(IGR.EQ.19) GO TO 19 
GO TO (1,2,3,4,5,6,25,8,9,10,11,12,13,14,25,25,25,25,19,20,25, 
12S,23,24),IGR 
25 CONTINUE 
RETURN 
c**********************************+****+************************* 
C 
C--- GROUP 1. RUn title and other preliminaries 
C 
C 
1 GO TO (1001,1002). ISC 
1001 CONTINUE 
C User may here change message transmitted to the VDU screen 
IF(IGR.EQ.1.AND.ISC.EQ.1.AND .. NOT.NULLPR) 
1 CALL WRYT40('GROUND file is GROUND.F of: OS1294 'I 
C 
C Calculate clothing and environmental heat transfer coefficients 
C when the clothing was measured on the manikin 
C 
C 
TAIM=24.0 
TRIM=24.0 
TSKIM=33.0 
HCIM=4.52 
C Iterative loop to mean calculate clothing temperature and 
C mean linear radiation coefficient 
C 
TCLIN=O.O 
15 TCLOLD=TCLIM 
HRIN=4*S.67E-S*(( (TCLIM+TRIMI/2+273.2)**31*0.72S 
TCLIM=((1/(CLO*0.15S) I *TSKIM+FACL* (HCIM*TAIM+HRIM*TRIM 11/ 
X((1/(CLO*0.lS51 I +FACL*(HCIM+HRIM) ) 
IF(ABS(TCLIM-TCLOLD) .GT.0.01)GOTO 15 
C 
C Calculate LRIM at TCLIM 
C 
LRIM=lS.lS12*(TCLIM+273.1S)/273.1S 
C 
C Calculate ITIM 
C 
ITIM=CLO*0.15S+1/((HCIM+HRIM)*FACL) 
C 
C Calculate IECL 
C 
IECL=ITIM/(LRIM*IM)-l/(FACL*LRIM*HCIM) 
C 
RETURN 
1002 CONTINUE 
C--- GROUP 2. Transience; time-step specification 
C 
E·" 
2 CONTINUE 
RETURN 
C+******·*******************************************·************* 
C 
C--- GROUP 3. X-direction grid specification 
C 
3 CONTINUE 
RETURN 
c*+*************************************************************** 
C 
c--- GROUP 4. Y-direction g~id specification 
C 
4 CONTINUE 
RETURN 
C***********************-***************************************** 
C 
C--- GROUP 5. Z-direction grid specification 
C 
5 CONTINUE 
RETURN 
C***************************************************************** 
C 
c--- GROUP 6. Body-fitted coordinates or grid distortion 
C 
6 CONTINUE 
RETURN 
c+**************************************************** ************ 
C * Make changes for this group only in group 19. 
c--- GROUP 7. Variables stored, solved & named 
C***************************************************************** 
C 
C--- GROUP 8. Terms (in differential equations) & devices 
C 
C 
8 GO TO (81, 82, 83, 84, 85, 86, 87, 88, 89, 810, 811, 812, 813, 814, 815) 
1,ISC 
81 CONTINUE 
* ------------------- SECTION 1 ---------------------------
C For U1AD.LE.GRND--- phase 1 additional velocity. Index VELAD 
RETURN 
82 CONTINUE 
C * ------------------- SECTION 2 ---------------------------
C For U2AD.LE.GRND--- phase 2 additional velocity. Index VELAD 
RETURN 
83 CONTINUE 
C * ------------------- SECTION 3 ---------------------------
C For V1AD.LE.GRND--- phase 1 additional velocity. Index VELAD 
RETURN 
84 CONTINUE 
C • ------------------- SECTION 4 ---------------------------
C For V2AD.LE.GRND--- phase 2 additional velocity. Index VELAD 
RETURN 
85 CONTINUE 
C * ------------------- SECTION 5 ---------------------------
C For W1AD. LE.GRND--- phase 1 additional velocity. Index VELAD 
RETURN 
86 CONTINUE 
C * ------------------- SECTION 6 ---------------------------
C For W2.l<..D.LE.GRNO--- 9hase 2 additional velocity. Inde:;;: VELAD 
RETURN 
87 CONTINUE 
C * ------------------- SECTION 7 ---- Volumetric source for gala 
E-12 
RETURN 
88 CONTINUE 
C * ------------------- SECTION 8 ---- Convection fluxes 
C---
C 
Entered when UCONV =.TRUE.; block-location indices are: 
LOll for east and north (accessible at the same time), 
LD12 for west and south (accessible at the same time), 
LD2 for high (which becomes low for the next slab) . 
C 
C 
C User should provide INDV}Lq and NDIREC IF's as appropriate. 
RETURN 
89 CONTINUE 
C * ------------------- SECTION 9 ---- Diffusion coefficients 
Entered when UOIFF =.TRUE.; block-location indices are LAE 
for east, LAW for west, LAN for north, LAS for 
C---
C 
C 
C 
C 
C 
C 
810 
C * 
811 
C * 
812 
C * 
813 
C * 
814 
C * 
815 
C * 
C 
south, LDll for high, and LDll for low. 
User should provide INDVAR and NDIREC IF's as above. 
EARTH will apply the DIFCUT and GP12 modifications after the user 
has made his settings. 
RETURN 
CONTINUE 
------------------- SECTION 10 --- Convection neighbours 
RETURN 
CONTINUE 
RETURN 
CONTINUE 
SECTION 11 --- Diffusion neighbours 
------------------- SECTION 12 --- Linearised sources 
RETURN 
CONTINUE 
------------------- SECTION 13 --- Correction coefficients 
RETURN 
CONTINUE 
------------------- SECTION 14 --- User's own solver 
RETURN 
CONTINUE 
SECTION 15 --- Change solution 
RETURN 
C * See the equivalent section in GREX for the indices to be 
C used in sections 7 - 15 
C 
C * Make all other group-8 changes in GROUP 19. 
C***************************************************************** 
c 
C--- GROUP 9. Properties of the medium (or media) 
C 
C The sections in this group are arranged sequentially in their 
C order of calling from EARTH. Thus, as can be seen from below, 
C the temperature sections (10 and 11) precede the density 
C sections (1 and 3); so, density formulae can refer to 
C temperature stores already set. 
9 GO TO (91, 92, 93, 94 , 95, 96, 97, 98 , 99, 900, 901, 902, 903, 904, 905) , I SC 
900 CONTINUE 
C * ------------------- SECTION 10 ---------------------------
C Fo< TMPl.LE.GRND--------- phase-l temperature Index TEMPl 
RETURN 
901 CONTI NUE 
C * ------------------- SECTION 11 ---------------------------
C For TMP2.LE.GRND--------- phase-2 temperature Inde" TEMP2 
RETURN 
E-13 
902 CONTINUE 
C • ------------------- SECTION 12 ---------------------------
C For ELl.LE.GRND--------- phase-l length scale Index LENl 
RETURN 
903 CONTINUE 
C • ------------------- SECTION 13 ---------------------------
C For EL2.LE.GRND--------- phase-2 length scale Index LEN2 
RETURN 
904 CONTINUE 
C • ------------------- SECTION 14 ---------------------------
C For SOLVE(TEMPl)-------------------------- phase-l specic heat 
RETURN 
905 CONTINUE 
C • ------------------- SECTION 15 ---------------------------
C For SOLVE(TEMP2)-------------------------- phase-2 specic heat 
RETURN 
91 CONTINUE 
C • ------------------- SECTION 1 ---------------------------
c For RHOl.LE.GRND--- density for phase 1 
RETURN 
92 CONTINUE 
Index DENl 
C • ------------------- SECTION 2 ---------------------------
C For ORHIDP.LE.GRNO--- O(LN(DENI I/op for phase 1 
C Index DI0P 
RETURN 
93 CONTINUE 
C • ------------------- SECTION 3 ---------------------------
C For RH02.LE.GRNO--- density for phase 2 
RETURN 
94 CONTINUE 
Index OEN2 
C • ------------------- SECTION 4 ---------------------------
C For ORH2DP.LE.GRND--- O(LN(DEN) )/DP for phase 2 
C Index 02DP 
RETURN 
95 CONTINUE 
C • ------------------- SECTION 5 ---------------------------
C For ENUT.LE.GRND--- reference turbulent kinematic viscosity 
C Index VIST 
RETURN 
96 CONTINUE 
C • ------------------- SECTION 6 ---------------------------
C For ENUL.LE.GRND--- reference larninar kinematic viscosity 
C Index VISL 
RETURN 
97 CONTINUE 
C • ------------------- SECTION 7 ---------------------------
C For PRNDTL( I .LE.GRNO--- laminar PRANOTL nos., or diffusivity 
C Index LAMPR 
RETURN 
98 CONTINUE 
C * ------------------- SECTION 8 ---------------------------
C For PHINT( ) .LE.GRNO--- interface value of first phase 
C Index FIIl 
RETURN 
99 CONTINUE 
C • ------------------- SECTION 9 --------------.-------------
C For PHINT( ) .LE.GRND--- interface value of second phase 
C Index FII2 
RETURN 
C 
E-I~ 
c--- GROUP 10. Inter-phase-transfer processes and properties 
C 
10 GO TO (101,102,103,104),ISC 
101 CONTINUE 
C * ------------------- SECTION 1 ---------------------------
C For CFIPS.LE.GRND--- inter-phase friction coeff. 
C Index INTFRC 
RETURN 
102 CONTINUE 
C * ------------------- SECTION 2 ---------------------------
C For CMDOT.EQ.GRND- inter-phase mass transfer Index INTMDT 
RETURN 
103 CONTINUE 
C * ------------------- SECTION 3 ---------------------------
C For CINT( ) .EQ.GRND--- phasel-ro-interface transfer coefficients 
C Index COIl 
RETURN 
104 CONTINUE 
C * ------------------- SECTION 
" 
---------------------------
C For CINT( ) .EQ.GRND--- phase2-to-interface transfer coefficients 
C Index COI2 
RETURN 
C***************************************************************** 
C 
C--- GROUP 11. Initialization of variable or porosity fields 
C Index VAL 
C 
11 CONTINUE 
RETURN 
C--- GROUP 12. Convection and diffusion adjustments 
C 
12 CONTINUE 
RETURN 
C***************************************************************** 
C 
C--- GROUP 13. Boundary conditions and special sources 
C Index for Coefficient - CO 
C Index for Value - VAL 
13 CONTINUE 
GO TO (130,131, 132,133, 134, 135, 136,137, 138, 139, 1310, 
11311,1312,1313,1314,1315,1316,1317,1318,1319,1320,1321), ISC 
130 CONTINUE 
C------------------- SECTION 1 ------------- coefficient = GRND 
C 
C Initialise the value of the total volume for the PATCH and the 
C F-zero location index for the cell volumes, cell temperatures and 
C coefficients 
C 
C 
TVOL=O.O 
LOVOL=LOF (VOL) 
LOTEMP=LOF(LBNAME('TEM1') ) 
LOCO=LO F (CO) 
C Determine the total volume for the PATCH 
C 
DO IX=IXF, IXL 
DO IY:::IYf r IYL 
ICELL=IY+(IX-l)*NY 
TVOL=TVOL+FILOVOL+ICELL) 
ENDDO 
E-15 
ENDDO 
C 
C Determine value of skin receptors 
C 
C 
IF(NPATCH.EQ. 'TRDUM')SKINR=0.42 
IF(NPATCH.EQ.'LEDUM')SKINR=0.20 
IF(NPATCH.EQ. 'HEDUM')SKINR=0.21 
IF (NPATCH. EQ. 'ARDUM' ) SKINR=O. 10 
IF(NPATCH.EQ. 'FEDUM')SKINR=0.03 
IF(NPATCH.EQ. 'HADUM')SKINR=0.04 
C Start of thermoregulatory mechanism for the model 
C 
C 
CLOCK=CLOCK+1.0 
DO IX=IXF, IXL 
DO IY=IYF,IYL 
ICELL=IY+(IX-1)*NY 
K=LOTEMP+ICELL 
V=LOVOL+ICELL 
F(LOCO+ICELL)=O.O 
C Determine set point temperatures for the model. Set point temperatures 
C are equal to initial starting temperatures 
C 
C 
IF(CLOCK.LT.29)THEN 
TSET(K)=F(K) 
ENDIF 
C Determine ERROR between T actual and TSET 
C 
C 
ERROR(K)=O.O 
WARM(K)=O.O 
COLD(K)=O.O 
ERROR(K)=F(K)-TSET(K) 
IF(ERROR(K) .LT.O.O)COLD(K)=-ERROR(K) 
IF(ERROR(K) .GT.O.O)WARM(K)=ERROR(K) 
C Integrate peripheral afferent signals 
C 
C 
WARMS=WARMS+(WARM(K)*F(V)*SKINR)/TVOL 
COLDS=COLDS+(COLD(K) *F(V) *SKINR)/TVOL 
ENDDO 
ENDDO 
IF(WARMS.LT.1E-4)WARMS=O.0 
IF(COLDS.LT.1E-4)COLDS=0.O 
C Determine total skin blood flow if final skin compartment 
C is being considered 
C 
IF(NPATCH.EQ. 'HADUM' )THEN 
C 
C Establish values for integrated core afferent signals 
C 
C 
WARMC=RG (1) 
COLDC=RG(2) 
ERRORC=RG (3) 
C Determine efferent outflow 
C 
E·16 
SWEAT=CSW*ERRORC+SSW* (WARMS-COLDS) +PSW*ERRORC* (WARMS-COLDS ) 
DILAT=CDIL*ERRORC+SDIL*(WARMS-COLDS)+PDIL*WARMC*WARMS 
STRIC=-CCON*ERRORC-SCON* (WARMS-COLDS) +PCON*COLDC*COLDS 
CHILL=(CCHIL*ERRORC+SCHIL*(WARMS-COLDS»*PCHIL*(WARMS-COLDS) 
IF(SWEAT.LE.O.O)SWEAT=O.O 
IF(DILAT.LE.O.O)DILAT=O.O 
IF(STRIC.LE.O.O)STRIC=O.O 
IF(CHILL.LE.O.O)CHILL=O.O 
IF((COLDC.EQ.O.) .AND. (COLDS.EQ.O.»CHILL=O. 
RG (4) =SWEAT 
RG(S)=CHILL 
RG(8)=DILAT 
RG (9) =STRIC 
WARMS=O.O 
COLDS=O.O 
WARMC=O.O 
COLDC=O.O 
ERRORC=O.O 
ENDIF 
RETURN 
131 CONTINUE 
C------------------- SECTION 2 ------------- coefficient 
RETURN 
132 CONTINUE 
C------------------- SECTION 3 ------------- coefficient 
C 
C Establish the muscle blood flow for the compartments 
C 
LOCO=LOF(CO) 
BFM=RG (7) 
DO IX=IXF, IXL 
DO IY=IYF. IYL 
ICELL=IY+(IX-1)*NY 
F(LOCO+ICELL)=BFM 
ENDDO 
ENDDO 
RETURN 
133 CONTINUE 
GRND1 
GRND2 
C------------------- SECTION 4 ------------- coefficient = GRND3 
C 
C Set blood fow to model's skin compartments 
C 
IF(NPATCH. EQ. 'TRSBF' )THEN 
SKINC=O.lS 
SKINV=O.322 
SVOL=1.3S0E-03 
BFBS=2.100E+00 
ENDIF 
IF(NPATCH.EQ. 'LESBF')THEN 
SKINC=0.05 
SKINV=O.230 
SVOL=1.200E-03 
BFBS=2.850E+OO 
ENDIF 
E-17 
IF(NPATCH.EQ. 'HESBF')THEN 
SKINC=O.05 
SKINV=O.132 
SVOL=2.700E-04 
BFBS=l. 440E+OO 
ENDIF 
IF(NPATCH.EQ. 'ARSBF')THEN 
SKINC=O.05 
SKINV=O.095 
SVOL=4.800E-04 
BFBS=5.000E-Ol 
ENDIF 
IF(NPATCH.EQ.'FESBF')THEN 
SKINC=O.35 
SKINV=O.lOO 
SVOL=2. 400E-04 
BFBS=3.000E+OO 
ENDIF 
IF(NPATCH.EQ.'HASBF')THEN 
SKINC=0.35 
SKINV=O.121 
SVOL=1.900E-04 
BFBS=2.000E+OO 
ENDIF 
DILAT=RG(8) 
STRIC=RG (9·) 
LOCO=LOF(CO) 
DO IX=IXF, IXL 
DO IY=IYF, IYL 
ICELL=IY+(IX-l)*NY 
BFS=(BFBS+SKINV*DILAT)/«l+SKINC*STRIC)*SVOL) 
F(LOCO+ICELL)=BFS 
ENDDO 
ENDDO 
RETURN 
134 CONTINUE 
C------------------- SECTION 5 ------------- coefficient 
RETURN 
135 CONTINUE 
C------------------- SECTION 6 ------------- coefficient 
RETURN 
136 CONTINUE 
C------------------- SECTION 7 ------------- coefficient 
RETURN 
137 CONTINUE 
c------------------- SECTION 8 ------------- coefficient 
RETURN 
138 CONTINUE 
C------------------- SECTION 9 ------------- coefficient 
RETURN 
139 CONTINUE 
C------------------- SECTION 10 ------------- coefficient 
RETURN 
1310 CONTINUE 
C------------------- SECTION 11 ------------- coefficient 
E-18 
GRND4 
GRND5 
GRND6 
GRND7 
GRND8 
GRND9 
GRNDIO 
RETURN 
1311 CONTINUE 
C------------------- SECTION 12 ------------------- value = GRND 
C 
C Initialise the value of the total volume fo~ the PATCH and the 
C F-zero location index for the cell volumes, cell values and cell 
C temperatures 
C 
TVOL=O.O 
LOVOL=LOF (VOL) 
LOVAL=LOF (VAL) 
LOTEMP=LOF(LBNAME('TEM1')) 
c LOTMPB=LOF(LBNAME( 'TMPB')) 
C 
LOTMPS=LOF(LBNAME('TMPS')) 
LOTMPC=LOF(LBNAME('TMPC')) 
C Dete~mine the total volume fo~ the PATCH 
C 
C 
DO IX=IXF,IXL 
DO IY=IYF, IYL 
ICELL=IY+(IX-1)*NY 
TVOL=TVOL+F(LOVOL+ICELL) 
ENDDO 
ENDDO 
C calculate mean temperature of the skin ** 
C 
C 
IF( (NPATCH.EQ. 'TRSBF').OR. (NPATCH.EQ. 'LESBF').OR. (NPATCH. 
+EQ. 'HESBF') . OR. (NPATCH. EQ. 'ARSBF') .OR. (NPATCH. EQ. 'FESBF' ) . 
+OR. (NPATCH.EQ.'HASBF'))THEN 
STVOL=3.835E-04 
DO IX=IXF, IXL 
DO IY=IYF,IYL 
ICELL=IY+(IX-1)*NY 
TSM=TSM+F(LOTEMP+ICELL)*F(LOVOL+ICELL)/STVOL 
ENDDO 
ENDDO 
ENDIF 
C Calculate the mean temperature of the trunk core 
C 
c 
IF(NPATCH. EQ. 'TRCBF') THEN 
TCM=O.O 
DO IX=IXF, IXL 
DO IY=IYF,IYL 
ICELL=IY+(IX-l)*NY 
TCM=TCM+F(LOTEMP+ICELL)*F(LOVOL+ICELL)/TVOL 
ENDDO 
ENDDO 
ENDIF 
C Start of thermoregulatory mechanism for the model 
C 
C 
CLOCK=CLOCK+l.O 
DO IX=IXF, IXL 
DO IY=IYF,IYL 
ICELL=IY+(IX-l)*NY 
K=LOTEMP+ICELL 
C Set central blood compartment temperatures (cbet) for each 
E-19 
C cell of the model and store cbct in RESULTS file 
C 
F(LOVAL+ICELL)=TMPCB 
c F(LOTMPB+ICELL)=TMPCB 
C 
F(LOTMPS+ICELL)=TSM 
F(LOTMPC+ICELL)=TCM 
C Determine set point temperatures for the model. Set point 
C temperatures are equal to initial starting temperatures 
C 
IF(CLOCK.LT.29)THEN 
TSET(K)=F(K) 
ENDIF 
ENDDO 
ENDDO 
C 
C Deter~ne ERROR between T actual and TSET for head core 
C 
C 
IF(NPATCH.EQ. 'HECBF')THEN 
WARMC=O.O 
COLDC=O.O 
ERRORC=O.O 
DO IX=IXF, IXL 
DO IY=IYF,IYL 
ICELL=IY+(IX-l)*NY 
K=LOTEMP+ICELL 
V=LOVOL+ICELL 
ERROR(K)=O.O 
WARM(K)=O.O 
COLD(K)=O.O 
ERROR(K)=F(K)-TSET(K) 
IF(ERROR(K) .LT.O.O)COLD(K)=-ERROR(K) 
IF(ERROR(K) .GT.O.O)WARM(K)=ERROR(K) 
C Integrate core afferent signals 
C 
C 
WARMC=WARMC+(WARM(K)*F(V))/TVOL 
COLDC=COLDC+(COLD(K)*F(V) )/TVOL 
ENDDO 
ENDDO 
IF(WARMC.LT.1E-4)WARMC=O.O 
IF(COLDC.LT.1E-4)COLDC=O.O 
ERRORC=WARMC-COLDC 
RG ( 1 ) =WARMC 
RG(2)=COLDC 
RG (3) =ERRORC 
ENDIF 
C Determine heat flow between central blood compartment and 
C each individual cell. of the model 
C 
DO IX=IXF, IXL 
DO IY=IYF. IYL 
ICELL=IY+(IX-l)*NY 
V=LOVOL+ICELL 
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C 
C Blood flow in trunk segment (Watts/C) 
C 
IF(NPATCH.EQ. 'TRCBF')HVOL=1.431E+04*F(V) 
IF(NPATCH.EQ. 'TRMBF')HVOL=RG(7)*F(V) 
IF(NPATCH.EQ.'TRFBF')HVOL=3.621E+02*F(V) 
IF(NPATCH.EQ. 'TRSBF')HVOL=BFS+F(V) 
C 
C Blood flow in leg segment (Watts/C) 
C 
IF(NPATCH.EQ. 'LECBF')HVOL=3.893E+02*F(V) 
IF(NPATCH.EQ. 'LEMBF')HVOL=RG(7)*F(V) 
IF(NPATCH.EQ. 'LEFBF')HVOL=2.18SE+02*F(V) 
IF(NPATCH.EQ. 'LESBF')HVOL=BFS*F(V) 
C 
C Blood flow in head segment (Watts/C) 
C 
IF(NPATCH.EQ.'HECBF')HVOL=1.49SE+04*F(V) 
IF(NPATCH.EQ. 'HEMBF')HVOL=RG(7)*F(V) 
IF(NPATCH.EQ. 'HEFBF')HVOL=3.S13E+02+F(V) 
IF(NPATCH.EQ. 'HESBF')HVOL=BFS*F(V) 
C 
C Blood flow in arm segment (Watts/C) 
C 
IF (NPATCH. EQ. 'ARCBF' ) HVOL=3. 7 SOE+02*F (V) 
IF(NPATCH.EQ. 'ARMBF')HVOL=RG(7)*F(V) 
IF(NPATCH.EQ. 'ARF6F')HVOL=2.062E+02*F(V) 
IF(NPATCH.EQ. 'ARSBF')HVOL=BFS*F(V) 
C 
C Blood flow in feet segment (Watts/C) 
C 
IF(NPATCH.EQ. 'FECBF')HVOL=3.72IE+02*F(V) 
IF(NPATCH.EQ. 'FEMBF')HVOL=RG(7)*F(V) 
IF(NPATCH.EQ. 'FESBF')HVOL=BFS*F(V) 
C 
C Blood flow in hand segment (Watts/C) 
C 
IF(NPATCH.EQ. 'HACBF')HVOL=3.846E+02*F(V) 
IF(NPATCH.EQ. 'HAMBF')HVOL=RG(7)+F(V) 
IF(NPATCH.EQ. 'HASBF')HVOL=BFS*F(V) 
C 
C Determine total heat flow from central blood comp.J.rtment (v-lat::s) 
C 
THEATF=THEATF+HVOL*(TMPCB-F(LOTEMP+ICELL)) 
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C 
ENDDO 
ENDDO 
C Evaluate the new temperature for the central blood compartment 
C 
IF(NPATCH.EQ. 'HASBF')THEN 
HEATCP=3744*2.5E-01 
WORKI=WORK-QB 
IF(WORK.LT.QB)WORKI=O.O 
TMPCB=TMPCB-((THEATF+O.OS*WORKI*2.5E-01/2.5)/HEATCP) 
c TMPCB=TMPCB-((DT*(THEATF+O.OS*WORKI*2.5E-01/2.5))/HEATCP) 
THEATF=O.O 
ENDIF 
RETURN 
1312 CONTINUE 
C------------------- SECTION 13 ------------------- value = GRND1 
C 
C Set heat flux for convective heat transfer 
C 
LOVAL=LOF (VAL) 
DO IX=IXF, IXL 
DO IY=IYF,IYL 
ICELL=IY+(IX-1)*NY 
F(LOVAL+ICELL)=FACL*HC*(TA-TCL) 
ENDDO 
ENDDO 
RETURN 
1313 CONTINUE 
C------------------- SECTION 14 ------------------- value 
C 
C Evaluate radiative flux 
C 
IF(NPATCH.EQ. 'TRRAD')THEN 
ARAD=O.75 
HCB=2.1 
ENDIF 
IF(NPATCH.EQ. 'LERAD')THEN 
ARAD=O.65 
HCB=2.1 
ENDIF 
IF(NPATCH.EQ. 'HERAD')THEN 
ARAD=O.74 
HCB=3.0 
ENDIF 
IF(NPATCH. EQ. 'ARRAD') THEN 
ARAD=O.66 
HCB=2.1 
ENDIF 
IF(NPATCH.EQ. 'FERAD'jTHEN 
ARAD=O.62 
HCB=4.0 
ENDIF 
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GRND2 
C 
IF(NPATCH.EQ.'HARAD')THEN 
ARAD=O.56 
HCB=4.0 
ENOIF 
C Evaluate convective heat transfer coefficient 
C 
HC=HCB*(VEL/O.l)**O.5 
C 
C Calculate radiant heat transfer coefficient and clothing surface 
C temperature 
C 
LOVAL=LOF(VAL) 
LOTEMP=LOF(LBNAME('TEMl')) 
DO IX=IXF, IXL 
DO IY=IYF,IYL 
ICELL=IY+(IX-l)*NY 
SURFT=F(LOTEMP+ICELL) 
TCL=O.O 
250 OLOTCL=TCL 
HR=4*5.67E-8*(((TCL+TR)/2+273.2)**3)*ARAO 
TCL=((I/(CLO*0.155))*SURFT+FACL*(HC*TA+HR*TR))/ 
X( (11 (CLO*0.155)) +FACL* (HC+HR) I 
IF(ABS(TCL-OLOTCL) .GT.O.Ol)GOTO 250 
F(LOVAL+ICELL)=FACL*HR*(TR-TCL) 
ENOOO 
ENOOO 
RETURN 
1314 CONTINUE 
C------------------- SECTION 15 ------------------- value 
C 
C Evaluate evaporative heat loss from skin surface 
C 
IF(NPATCH.EQ. 'TREVP' ITHEN 
SEGSA=O.6804 
SKINS=O. 481 
EB=3.78 
ENOIF 
IF(NPATCH.EQ. 'LEEVP')THEN 
SEGSA=0.5966 
SKINS=0.218 
EB=3.32 
ENOIF 
IF(NPATCH.EQ. 'HEEVP'ITHEN 
SEGSA=0.1326 
SKINS=0.081 
EB=0.81 
ENOIF 
IF(NPATCH. EQ. 'AREVP' ) THEN 
SEGSA=0.2536 
SKINS=0.154 
EB=1.40 
ENOIF 
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GRN03 
IF(NPATCH.EQ. 'FEEVP')THEN 
SEGSA=O .1299 
SKINS=O.035 
EB=O.72 
ENDIF 
IF(NPATCH.EQ. 'HAEVP')THEN 
SEGSA=O.0946 
SKINS=O.031 
EB=O.52 
ENDIF 
LOTEMP=LOF(LBNAME('TEM1')) 
LOVAL=LOF (VAL) 
SWEAT=RG (4 ) 
DO IX=IXF, IXL 
DO IY=IYF,IYL 
ICELL=IY+(IX-l)*NY 
K=LOTEMP+ICELL 
SVPS=O.133322*EXP(18.6686-4030.183/(F(K)+235.0)) 
SVPA=O.133322*EXP(18.6686-4030.183/(TA+235.0)) 
LR=15.1512*(TCL+273.15)/273.15 
RT=IECL+l/(FACL*LR*HC) 
EMAX= ( (l/RT) * (SVPS-RH"SVPA) ) 
TDIF=(F(K)-TSET(K))/BULL 
E=(EB+SKINS*SWEAT*2**TDIF)/SEGSA 
IF(E.GT.EMAX)E=EMAX 
F(LOVAL+ICELL)=-E 
ENDDO 
ENDDO 
RETURN 
1315 CONTINUE 
C------------------- SECTION 16 ------------------- value = GRND4 
C 
C Evaluate metabolic heat production in the muscle compartment 
C 
IF(NPATCH.EQ. 'TRMMH')THEN 
WORKM=O.30 
CHILM=O.86 
QBM=5.81 
MVOL=O.0179 
BFBM=6.00 
ENDIF 
IF(NPATCH.EQ. 'LEMMH')THEN 
WORKM=O.60 
CHILM=O.07 
QBM=3.32 
MVOL=O.01019 
BFBM=3.43 
ENDIF 
IF(NPATCH. EQ. ' HEMMH') THEN 
WORKM=O.OO 
CHILM=O.02 
QBM=O .12 
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MVOL=0.00037 
BFBM=0.12 
ENDIF 
IF(NPATCH. EQ. ' ARMMH') THEN 
WORKM=0.08 
CHILM=0.05 
QBM=l.11 
MVOL=0.00337 
BFBM=1.14 
ENDIF 
IF(NPATCH.EQ. 'FEMMH')THEN 
WORKM=O.Ol 
CHILM=O.OO 
QBM=0.07 
MVOL=0.0003 
BFBM=0.07 
ENDIF 
IF(NPATCH.EQ. 'HAMMH')THEN 
WORKM=O.Ol 
CHILM=O .00 
QBM=0.27 
MVOL=0.00022 
BFBM=0.28 
ENDIF 
LOVAL=LOF (VAL) 
CHILL=RG(5) 
WORKI=WORK-QB 
IF(WORK.LT.QB)WORKI=O.O 
QM=(QBM+WORKM*WORKI+CHILM*CHILL)/MVOL 
BFM= (BFBM+WORKM*IWRKI+CHILM*CHILL) /MVOL 
RG (7) =BFM 
DO IX=IXF,IXL 
DO IY=IYF,IYL 
ICELL=IY+ (IX-I) *NY 
F(LOVAL+ICELL)=QM 
ENDDO 
ENDDO 
RETURN 
1316 CONTINUE 
C------------------- SECTION 17 ------------------- value 
RETURN 
1317 CONTINUE 
C------------------- SECTION 18 ------------------- value 
RETURN 
1318 CONTINUE 
C------------------- SECTION 19 ------------------- value 
RETURN 
1319 CONTINUE 
C------------------- SECTION 20 ------------------- value 
RETURN 
1320 CONTINUE 
C------------------- SECTION 21 ------------------- value 
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GRNDS 
GRND6 
GRND7 
GRND8 
GRND9 
RETURN 
1321 CONTINUE 
C------------------- SECTION 22 ------------------- value = GRNDIO 
RETURN 
C* * ... * * ........... * ..................... *.*"''' * ...... * ................................. * * .............................. * * .................. * ... * ...... * ... 
C 
C--- GROUP 14. Downstream pressure for PARAB=.TRUE. 
C 
14 CONTINUE 
RETURN 
C*************************************************************** 
C· Make changes to data for GROUPS 15, 16, 17, 18 GROUP 19. 
C*************************************************************** 
C 
C--- GROUP 19. Special calls to GROUND from EARTH 
C 
19 GO TO (191,192,193,194,195,196,197,198,199,1910,19111, ISC 
191 CONTINUE 
C • ------------------- SECTION 1 ---- Start of time step. 
RETURN 
192 CONTINUE 
C • ------------------- SECTION 2 ---- Start of sweep. 
C 
C Reset ~ean skin temperature to zero for the start of the next 
C sweep 
C 
TSM=O.O 
RETURN 
193 CONTINUE 
C • ------------------- SECTION 3 ---- Start of iz slab. 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
194 
• 
1911 
+ 
RETURN 
CONTINUE 
------------------- SECTION 4 ---- Start of iterations over slab. 
RETURN 
CONTINUE 
------------------- SECTION 11---- After calculation of convection 
fluxes for scalars, and of volume 
fractions, but before calculation of 
scalars or velocities 
RETURN 
199 CONTINUE 
... -------------------
RETURN 
1910 CONTINUE 
+ 
-------------------
RETURN 
195 CONTINUE 
• -------------------
RETURN 
196 CONTINUE 
• -------------------
RETURN 
197 CONTINUE 
* -------------------
RETURN 
198 CONTINUE 
+ 
-------------------
RETURN 
SECTION 9 ---- Start of solution sequence for 
a variable 
SECTION 10---- Finish of solution sequence for 
a variable 
SECTION 5 ---- Finish of iterations over slab. 
SECTION 6 ---- Finish of iz slab. 
SECTION 7 ---- Finish of sweep. 
SECTION 8 ---- Finish of time step. 
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C 
C--- GROUP 20. P~elirnina~y p~int-out 
C 
20 CONTINUE 
RETURN 
e*************************************************************** 
C* Make changes to data fo~ GROUPS 21 and 22 only in GROUP 19. 
C*************************************************************** 
C 
C--- GROUP 23. Field p~int-out and plot cont~ol 
23 CONTINUE 
RETURN 
c*+************************************************************* 
C 
C--- GROUP 24. Dumps fo~ ~esta~ts 
C 
24 CONTINUE 
END 
E~7 
APPENDIXE 
Data file containing the set-point and initial starting temperatures 
for the PHOENICS thermoregulatory model 
Mesh optimisation 3 
FTFF 
1 
43 
0.000000£+00 
68 
50 
6 
o 
50 
256 
-1 
o 
-2 o 
PI P2 U1 U2 VI V2 W1 W2 RI R2 RS K£ £P HI H2 Cl C2 C3 C4 
C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 
C24 C25 C26 C27 NPORTMPCTMPSTMPBTEM1BLOKPRPSHPOR 
6.282999£+00 
2.200000£-03 4.400000£-03 6.600000£-03 8.800000£-03 9.349999£-03 9.900000£-03 
1.095000£-02 1.200000£-02 1.345001£-02 1.490000E-02 1.765000E-02 2.040000£-02 
2.315000£-02 2.590001£-02 2.865000E-02 3.140000£-02 3.357500£-02 3.575001£-02 
3.792500£-02 4.010001£-02 4.250001£-02 4.490000£-02 4.730000£-02 4.970000£-02 
5.175001£-02 5.380001£-02 5.470001£-02 5.560001E-02 5.744001E-02 5.928001£-02 
6.114001£-02 6.300002£-02 6.515003£-02 6.730003E-02 6.830002£-02 6.930003£-02 
7.070003£-02 7.210003£-02 7.386503£-02 7.563002E-02 7.739502£-02 7.916002£-02 
8.092502£-02 8.269002E-02 8.445501£-02 8.622001E-02 8.798501E-02 8.975001£-02 
9.151500£-02 9.328000£-02 9.504499£-02 9.680999£-02 9.857499£-02 1.003400£-01 
1.021050£-01 1.038700£-01 1.056350£-01 1.074000£-01 1.087875£-01 1.101750£-01 
1.115625£-01 1.129500£-01 1.143375£-01 1.157250£-01 1.171125£-01 1.185000£-01 
1.195000£-01 1.205000£-01 
8.987003£-02 2.268700£-01 2.577000£-01 3.301600£-01 4.689000E-01 5.749000£-01 
-1.010100£+04-1.010100£+04-1.010100£+04-1.010100£+04-1.010100£+04-1.010100£+04 
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFTTTTTTTT 
·1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000E+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000£+00 1.000000£+00 
1.000000£+00 1.000000£+00 
3.689602£+01 3.689602£+01 3.689602£+01 3.689602£+01 3.689602£+01 3.689602£+01 
3.689602£+01 3.689602E+01 3.689602£+01 3.689602E+01 3.689602E+01 3.689602E+01 
3.689602£+01 3.689602E+01 3.689602£+01 3.689602£+01 3.689602£+01 3.689602£+01 
3.689602£+01 3.689602E+01 3.689602£+01 3.689602E+01 3.689602E+01 3.689602£+01 
3.689602£+01 3.689602E+01 3.689602£+01 3.689602£+01 3.689602£+01 3.689602£+01 
3.689602£+01 3.689602£+01 3.689602£+01 3.689602E+01 3.689602E+01 3.689602£+01 
3.689602£+01 3.689602E+01 3.689602£+01 3.689602E+01 3.689602£+01 3.689602£+01 
3.689602£+01 3.689602£+01 3.689602£+01 3.689602£+01 3.689602E+01 3.689602£+01 
3.689602£+01 3.689602£+01 3.689602£+01 3.689602£+01 3.689602£+01 3.689602£+01 
3.689602£+01 3.689602E+01 3.689602£+01 3.689602£+01 3.689602E+01 3.689602£+01 
3.689602£+01 3.689602£+01 3.689602£+01 3.689602£+01 3.689602E+01 3.689602£+01 
3.689602E+01 3.689602E+01 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 
0.000000£+00 O.OOOOOOE+OO 0.000000£+00 O.OOOOOOE+OO O.OOOOOOE+OO 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 
0.000000£+00 0.000000£+00 1.187200£+01 1.187200£+01 1.187200E+01 1.187200E+01 
1.187200£+01 1.187200£+01 1.187200£+01 1.187200£+01 1.187200£+01 1.187200£+01 
1.187200£+01 1.187200£+01 1.187200£+01 1.187200£+01 1.187200E+01 1.187200£+01 
1.187200E+01 1.187200£+01 1.187200£+01 1.187200£+01 O.OOOOOOE+OO O.OOOOOOE+OO 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 O.OOOOOOE+OO O.OOOOOOE+OO 
1.187200E+01 1.187200£+01 
3.671435£+01 3.671435E+01 3.671435£+01 3.671435E+01 3.671435E+01 3.671435E+01 
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3.671435E+01 3.671435E+01 3.671435E+01 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671435E+Ol 3.671435E+01 3.671435E+Ol 3.671435E+01 3.671435E+01 3.671435E+Ol 
3.671435E+01 3.671435E+01 3.671435E+Ol 3.671435E+01 3.671435E+Ol 3.671435E+Ol 
3.671435E+Ol 3.671435E+Ol 3.671435E+01 3.671435£+01 3.671435E+Ol 3.671435£+01 
3.671435£+01 3.671435£+01 3.671435£+01 3.671435E+Ol 3.671435£+01 3.671435£+01 
3.671435£+01 3.671435£+01 3.671435£+01 3.671435£+01 3.671435£+01 3.671435E+Ol 
3.671435£+01 3.671435E+01 3.671435£+01 3.671435£+01 3.671435£+01 3.671435£+01 
3.671435£+01 3.671435£+01 3.671435E+Ol 3.671435£+01 3.671435£+01 3.671435£+01 
3.671435£+01 3.671435£+01 3.671435£+01 3.671435£+01 3.671435£+01 3.671435E+Ol 
3.671435£+01 3.671435£+01 3.671435£+01 3.671435£+01 3.671435£+01 3.671435E+Ol 
3.671435E+01 3.671435£+01 
3.691512£+01 3.691512£+01 3.691511£+01 3.691511£+01 3.691511£+01 3.691511£+01 
3.691511£+01 3.691510E+Ol 3.691510E+Ol 3.691510£+01 3.691509£+01 3.691508£+01 
3.691506£+01 3.691503£+01 3.691499E+Ol 3.691492E+01 3.691483£+01 3.691472E+Ol 
3.691457E+Ol 3.691436£+01 3.691405E+Ol 3.691360E+Ol 3.691294E+Ol 3.691199E+01 
3.691072E+Ol 3.690911E+01 3.690754E+Ol 3.690643E+01 3.690449E+Ol 3.690104E+01 
3.689642E+Ol 3.689025E+Ol 3.688138E+01 3.686814E+Ol 3.685463E+Ol 3.684460E+01 
3.683052E+01 3.681008E+01 3.677657E+Ol 3.673372£+01 3.668952E+Ol 3.664388E+Ol 
3.659669E+Ol 3.654784E+Ol 3.649724E+Ol 3.644476E+Ol 3.639029E+Ol 3.633372£+01 
3.627493E+Ol 3.621379E+01 3.615017E+Ol 3.608393E+01 3.601495E+Ol 3.594308E+Ol 
3.586816E+Ol 3.579004E+Ol 3.570856E+01 3.562356E+01 3.548811E+Ol 3.529872E+01 
3.510138E+Ol 3.489530E+01 3.467966E+01 3.445362E+01 3.421628E+Ol 3.396672E+Ol 
3.378999E+Ol 3.368544E+Ol 
2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 
2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 
2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 
2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 
2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 2.000000£+00 2.000000E+00 
2.000000E+00 2.000000E+00 2.000000E+00 2.000000E+00 2.000000£+00 2.000000£+00 
2.000000£+00 2.000000£+00 3.000000£+00 3.000000£+00 3.000000£+00 3.000000£+00 
3.000000E+00 3.000000£+00 3.000000£+00 3.000000£+00 3.000000£+00 3.000000E+00 
3.000000E+00 3.000000E+00 3.000000E+00 3.000000E+00 3.000000E+00 3.000000E+00 
3.000000E+00 3.000000E+00 3.000000E+00 3.000000E+00 4.000000E+00 4.000000E+00 
4.000000E+00 4.000000E+00 4.000000E+00 4.000000E+00 4.000000E+00 4.000000E+00 
5.000000E+00 5.000000E+00 
1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 
1.700000E+02. 1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 
1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 
1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 
1.700000£+02 1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 1.700000E+02 
1.700000E+02 1.700000£+02 1.700000E+02 1.700000£+02 1.700000E+02 1.700000E+02 
1.700000E+02 1.700000E+02 1.710000£+02 1.710000E+02 1.710000E+02 1.710000E+02 
1.710000£+02 1.710000E+02 1.710000E+02 1.710000E+02 1.710000E+02 1.710000E+02 
1.710000E+02 1.710000E+02 1.710000E+02 1.710000£+02 1.710000E+02 1.710000E+02 
1.710000E+02 1.710000E+02 1.710000E+02 1.710000E+02 1.720000£+02 1.720000E+02 
1.720000E+02 1.720000£+02 1.720000£+02 1.720000£+02 1.720000£+02 1.720000£+02 
1.730000£+021.730000E+02 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 0.000000£+00 0.000000£+00 0.000000£+00 
O.OOOOOOE+OO 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 O.OOOOOOE+OO 
0.000000£+00 O.OOOOOOE+OO O.OOOOOOE+OO 0.000000£+00 0.000000£+00 0.000000£+00 
O.OOOOOOE+OO 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 
O.OOOOOOE+OO 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 O.OOOOOOE+OO 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 
O.OOOOOOE+OO 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 0.000000£+00 O.OOOOOOE+OO 
0.000000£+00 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 0.000000£+00 0.000000£+00 
O.OOOOOOE+OO 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 O.OOOOOOE+OO 
1.000000E+00 1.000000£+00 1.000000E+00 1.000000E+00 1.000000£+00 1.000000£+00 
1.000000£+00 1.000000E+00 1.000000E+00 1.000000£+00 1.000000£+00 1.000000E+00 
E-29 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO O.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 
3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 
3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 
3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 
3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 
3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 
3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 
3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 
3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 
3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 
3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 
3.689000E+Ol 3.689000E+Ol 3.589000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 
3.689000E+Ol 3.689000E+Ol 
1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 
1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 
1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 1.187200E+Ol 
1.187200E+Ol 1.187200E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 
2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 
2.229009E+Ol 2.229009E+Ol 1.187200E+Ol 1.187200E+Ol 2.229009E+Ol 2.229009E+Ol 
3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 
3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 
3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 
3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 
3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 
3.408000E+Ol 3.408000E+Ol 
3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671435E+Dl 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 
3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 
3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 
3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 
3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 
3.671000E+Ol 3.671000E+Ol 
3.618382E+Ol 3.618123E+Ol 3.617604E+Ol 3.616824E+Ol 3.616172E+Ol 3.615895E+Ol 
3.615467E+Ol 3.614846E+Ol 3.614032E+Ol 3.612972E+Ol 3.611264E+Ol 3.608593E+Ol 
3.605478E+Ol 3.601906E+Ol 3.597862E+Ol 3.593329E+Ol 3.588816E+Ol 3.584501E+Ol 
3.579846E+Ol 3.574839E+Ol 3.568304E+Ol 3.560138E+Ol 3.551468E+Ol 3.542259E+Ol 
3.533186E+Ol 3.524377E+Ol 3.517698E+Ol 3.513528E+Ol 3.507032E+Ol 3.497886E+Ol 
3.488247E+Ol 3.478082E+Ol 3.456653E+Ol 3.423590E+Ol 3.402714E+Ol 3.393229E+Ol 
3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 
3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 
3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 
3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 
3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 
3.600000E+Ol 3.600000E+Ol 
6.000000E+OO 6.000000E+OO 6.000000E+OO 6.000000E+OO 6.000000E+OO 6.000000E+OO 
6.000000E+OO 6.000000E+OO 6.000000E+OO 6.000000E+OO 6.000000E+OO 6.000000E+OO 
6.000000E+OO 6.000000E+OO 6.000000E+OO 6.000000E+OO 6.000000E+OO 6.000000E+OO 
E-30 
6.000000E+00 6.0DOODOE+DO 7.0DOODDE+00 7.00DOODE+00 7.DODDOOE+OO 7.000000E+00 
7.000000E+00 7.000000E+00 7.000000E+00 7.000000E+00 7.000000E+OO 7.000000E+00 
7.000000E+00 7.000000E+00 8.000000E+00 8.000000E+00 9.000000E+00 9.000000E+OO 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+OO 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+OO 1.000000E+00 
1.000000E+00 1.0DOOOOE+00 1.000000E+00 1.000000E+00 1.000000E+OO 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+OO 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+OO 
1.000000E+00 J.OOOOOOE+OO 
1.740000E+02 1.740000E+02 1.740000E+02 1.740000E+02 1.740000E+02 1.740000E+02 
1.740000E+02 1.740000E+02 1.740000E+02 1.740000E+02 1.740000E+02 1.740000E+02 
1.740000E+02 1.740DDDE+02 1.74DDODE+02 1.740000E+02 1.740000E+02 1.740000E+02 
1.740000E+02 1.740000E+02 1.750000E+02 1.750000E+02 1.750000E+02 1.750000E+02 
1.750000E+02 1.750000E+02 1.750000E+02 1.750000E+02 1.750000E+02 1.750000E+02 
1.750000E+02 1.750000E+02 1.760000E+02 1.760000E+02 1.770000E+02 1.770000E+02 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO 
1.000000E+OO 1.OOOOOOE+OO 1.000000E+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 
1.000000E+OO 1.OOOOOOE+00 1.000000E+00 1.000000E+00 1.000000E+OG 1.OOOOOOE+OO 
1.000000E+00 1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+00 
1.000000E+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.000000E+00 
1.000000E+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 
1.OOOOOOE+00 1.OOOOOOE+00 1.000000E+00 1.OOOOOOE+OO 1.000000E+00 O.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+00 1.000000E+OO 1.OOOOOOE+OO 1.000000E+00 1.OOOOOOE+00 
1.OOOOOOE+CO J.OOOOOOE+OO 1.000000E+00 1.000000E+OO 1.000000E+00 1.000000E+OO 
1.000000E+00 1.000000E+OO 1.000000E+OO 1.000000E+00 1.000000E+OO 1.000000E+OO 
1.OOOOOOE+00 1.OOOOOOE+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000£+00 1.000000E+00 
1.000000E+00 1.000000E+00 
3.689602E+Ol 3.689602E+Ol 3.689602E+01 3.689602E+01 3.689602E+OJ 3.689602E+Ol 
3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+OJ 3.689602E+OJ 3.689602E+Ol 
3.689602E+01 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 
3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 
3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 
3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 3.689602E+Ol 
3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+01 3.689000E+Ol 3.689000E+Ol 
3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+01 
3.689000E+01 3.689000E+Ol 3.689000E+01 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 
3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 
3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 3.689000E+Ol 
3.689000E+Ol 3.689000E+Ol 
2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 
2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 
2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 
2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 2.229009E+OJ 2.229009E+01 
E-31 
2.229009E+01 2.229009E+01 2.229009E+01 2.229009E+Ol 2.229009E+Ol 2.229009E+Ol 
2.470384E+01 2.470384E+Ol 2.229009E+Ol 2.229009E+01 2.470384E+Ol 2.470384E+Ol 
3.408000E+01 3.408000E+Ol 3.408000E+Ol 3.408000E+01 3.408000E+Ol 3.408000E+Ol 
3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 
3.408000E+01 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 
3.408000E+Ol 3.408000E+Ol 3.408000E+Ol 3.408000E+01 3.408000E+Ol 3.408000E+Ol 
3.408000E+01 3.408000E+01 3.408000E+01 3.408000E+Ol 3.408000E+01 3.408000E+Ol 
3.408000E+01 3.408000E+01 
3.671435E+01 3.671435E+01 3.671435E+Ol 3.671435E+01 3.671435E+Ol 3.671435E+Ol 
3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671435E+01 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671435E+Ol 3.671435E+01 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671435t+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671435E+01 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 3.671435E+Ol 
3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 
3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+01 3.671000E+01 3.671000E+Ol 
3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 
3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+01 3.671000E+Ol 3.671000E+Ol 
3.671000E+01 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 3.671000E+Ol 
3.671000E+Ol 3.671000E+Ol 
3.704640E+Ol 3.704639E+01 3.704636E+Ol 3.704632E+Ol 3.704628E+Ol 3.704626E+Ol 
3.704624E+Ol 3.704620E+Ol 3.704613E+Ol 3.704605E+Ol 3.704589E+Ol 3.704559E+Ol 
3.704512E+Ol 3.704443E+Ol 3.704338E+Ol 3.704181E+Ol 3.703966E+Ol 3.703702E+Ol 
3.703333E+Ol 3.702817E+Ol 3.702058E+Ol 3.700906E+Ol 3.699237E+Ol 3.696814E+Ol 
3.693551E+Ol 3.689404E+Ol 3.685288E+Ol 3.682389E+Ol 3.677299E+Ol 3.668171E+Ol 
3.652406E+Ol 3.633278E+Ol 3.596252E+Ol 3.540998E+Ol 3.506445E+Ol 3.490416E+Ol 
3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 
3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 
3.600000E+Ol 3.600000E+Ol 3.600000£+01 3.600000E+01 3.600000£+01 3.600000E+Ol 
3.600000£+01 3.600000E+01 3.600000E+Ol 3.600000E+01 3.600000E+Ol 3.600000E+Ol 
3.600000E+01 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 3.600000E+Ol 
3.600000E+Ol 3.600000E+Ol 
1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+01 1.000000E+Ol 1.000000E+Ol 
1.000000E+01 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 
1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 
1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 
1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+Ol 1.000000E+01 
1.100000E+Ol 1.100000E+Ol 1.200000E+Ol 1.200000E+Ol 1.300000E+Ol 1.300000E+Ol 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
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3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 
1.800000E+01 1.800000E+01 1.800000E+01 1.800000E+01 1.800000E+01 1.800000E+01 
1.900000E+01 1.900000E+01 2.000000E+01 2.000000E+01 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 
1.000000E+00 
1.000000E+00 
1.000000E+00 
1.000000E+00 
1.000000E+00 
1.860000E+02 
1.870000E+02 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
1.000000E+00 
1.000000E+00 
1.000000E+00 
1.000000E+00 
1.000000E+00 
1.000000E+00 
1.860000E+02 
1.870000E+02 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.860000E+02 1.860000E+02 
1.880000E+02 1.880000E+02 
O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
1.860000E+02 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
1.860000E+02 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
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0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 
0.000000£+00 0.000000£+00 0.000000£+00 0.000000£+00 O.OOOOOOE+OO 0.000000£+00 
0.000000£+00 0.000000£+00 O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 0.000000£+00 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO 0.000000£+00 
1.000000£+00 1.000000E+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000E+00 1.000000E+00 O.OOOOOOE+OO 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000£+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000£+00 
1.000000E+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000£+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000E+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000£+00 
1.000000E+00 1.000000E+00 1.000000£+00 1.000000E+00 1.000000E+00 1.000000£+00 
1.000000£+00 1.000000E+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000£+00 
1.000000E+00 1.000000£+00 1.000000£+00 1.000000£+00 1.000000E+00 1.000000E+00 
1.000000E+00 1.000000£+00 
3.689602E+01 3.689602£+01 3.689602£+01 3.689602E+01 3.689602E+01 3.689602£+01 
3.6896b2£+01 3.689602E+01 3.689602E+01 3.689602£+01 3.689000£+01 3.689000£+01 
3.689000£+01 3.689000£+01 3.689000£+01 3.689000£+01 3.689000£+01 3.689000E+01 
3.689000£+01 3.689000£+01 3.689000£+01 3.689000£+01 3.689000£+01 3.689000£+01 
3.689000£+01 3.689000£+01 3.689000E+01 3.689000£+01 3.689000£+01 3.689000£+01 
3.689000£+01 3.689000E+01 3.689000£+01 3.689000E+01 3.689000£+01 3.689000£+01 
3.689000£+01 3.689000£+01 3.689000£+01 3.689000E+01 3.689000£+01 3.689000E+01 
3.689000£+01 3.689000£+01 3.689000£+01 3.689000£+01 3.689000E+Ol 3.689000£+01 
3.689000£+01 3.689000E+01 3.689000£+01 3.689000£+01 3.689000£+01 3.689000£+01 
3.689000E+01 3.689000E+01 3.689000£+01 3.689000E+01 3.689000E+Ol 3.689000E+01 
3.689000E+01 3.689000£+01 3.689000£+01 3.689000£+01 3.689000E+Ol 3.689000E+01 
3.689000£+01 3.689000E+01 
3.170240E+01 3.170240£+01 3.170240£+01 3.170240£+01 3.408187£+01 3.408187£+01 
3.408187£+01 3.408187E+01 3.408187£+01 3.408187£+01 3.408000£+01 3.408000£+01 
3.408000£+01 3.408000E+01 3.408000£+01 3.408000£+01 3.408000E+01 3.408000£+01 
3.408000£+01 3.408000E+01 3.408000£+01 3.408000£+01 3.408000£+01 3.408000£+01 
3.408000E+01 3.408000£+01 3.408000E+01 3.408000£+01 3.408000£+013.408000£+01 
3.408000£+01 3.408000£+01 3.408000£+01 3.408000£+01 3.408000E+01 3.408000£+01 
3.408000E+01 3.408000£+01 3.408000E+01 3.408000E+01 3.408000£+01 3.408000E+01 
3.408000E+01 3.408000E+01 3.408000E+01 3.408000£+01 3.408000£+01 3.408000E+01 
3.408000E+01 3.408000E+01 3.408000t+01 3.408000E+01 3.408000E+Ol 3.408000E+01 
3.408000E+01 3.408000E+01 3.408000E+01 3.408000E+01 3.408000E+Ol 3.408000E+01 
3.408000E+01 3.408000E+01 3.408000E+01 3.408000E+01 3.408000E+01 3.408000E+01 
3.408000E+01 3.408000E+01 
3.671435E+01 3.671435E+01 3.671435E+01 3.671435E+01 3.671435E+01 3.671435E+01 
3.671435E+01 3.671435E+01 3.671435E+01 3.671435£+01 3.671000£+01 3.671000E+01 
3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 3.671000£+01 
3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 
3.671000E+01 3.671000£+01 3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 
3.671000E+01 3.671000E+01 3.671000E+01 3.671000£+01 3.671000£+01 3.671000E+01 
3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 
3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+01 
3.671000E+01 3.671000E+01 3.671000£+01 3.671000E+01 3.671000E+01 3.671000E+01 
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3.671000E+01 3.671000E+01 3.671000E+01 3.671000E+Ol 3.671000E+Ol 3.671000E+01 
3.671000E+01 3.671000E+01 3.671000E+01 3. 671000E+01 3.671000E+01 3.671000E+01 
3. 671000E+01 3. 671000E+01 
3.537058E+01 3.536674E+01 3.535904E+01 3.534746E+01 3.533482E+01 3.532152E+01 
3.529726E+01 3.525366E+01 3.520181E+01 3.506161E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 3.600000E+01 
3.600000E+01 3.600000E+01 
2.100000E+01 2.100000E+01 2.100000E+01 2.100000E+01 2.200000E+Ol 2.200000E+01 
2.200000E+01 2.200000E+01 2.300000E+01 2.300000E+01 1.OOOOOOE+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.OOOOOOE+OO 
1.000000E+OO 1.000000E+OO 1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.000000E+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.000000E+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.000000E+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.000000E+OO 
1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 
1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 
1.000000E+OO 1.000000E+OO 1.000000E+OO 1.OOOOOOE+OO 1.OOOOOOE+OO 1.000000E+OO 
1.000000E+OO 1.OOOOOOE+OO 1.000000E+OO 1.OOOOOOE+OO 1.000000E+OO 1.OOOOOOE+OO 
1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 
1.OOOOOOE+OO 1.000000E+OO 
1.890000E+02 1.890000E+02 1. 890000E+02 1.890000E+02 1.900000E+02 1.900000E+02 
1.900000E+02 1.900000E+02 1.910000E+02 1.910000E+02 O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO. O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO O.OOOOOOE+OO 
O.OOOOOOE+OO O.OOOOOOE+OO 
1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 
1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 
1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 
1.OOOOOOE+OO 1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.OOOOOOE+OO 
1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.OOOOOOE+OO 
1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.OOOOOOE+OO 
1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.OOOOOOE+OO 
1.OOOOOOE+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 
1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 
1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 
1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 1.000000E+OO 
1.000000E+OO 1.000000E+OO 
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The effect of body size on the computer 
simulation of human thermoregulation 
M.S. Neale; C.E. Millard,b W.R. Withey,b K.C. Parsons' 
aDepartment of Human Sciences, University of Technology, 
Loughborough, Leicestershire LEll 3TU, UK 
bCentrefor Human Sciences, Defence Research Agency, 
Farnborough, Hampshire GUl4 6TD, UK 
Abstract 
This paper reports a modification of the Stolw!Jk and Hardy 10. 1 1 25-
node model of human thermoregulation as revised by Haslam and 
Parsons··5 . The model now possesses a user fac!l!ty allowing 
specification of Its anthropometry. Predictions from the model 
correlated quantitatively with human thermal responses associated 
with anthropometry. 
Introduction 
Many rational computer simulatlons of human thermoregulation 
have been developed3 .8 . 13 . These Imitate human responses to the 
thermal environment and are designed to predict one or more of the 
four common measures used to assess thermal strain in humans -
deep-body (core) and skin temperatures. heart rate and sweat rate. 
They can be used to predict the reactions of subjects exposed to 
thermally stressful working conditions (eg astronaut heat tolerance 
llmits and cooling requirements In the US Apollo and Skylab 
programmes 14). and as a means of Investigating physiological or 
cllnical phenomena (eg.In patients with anhidrosis and peripheral 
vascular disease7•12). 
Human thermoregulation encompasses three basic 
physiological processes which generate. distribute and control heat 
loss throughout the body and maintain it within safe llrnits (about 
36°C to 38°C for deep body temperature). First the body produces 
metabollc heat which is increased by e..'Cercise and by shivering. 
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Second. blood flow transports heat from deep body compartments 
to the periphery. and this is regulated by the dilation and 
constriction of blood vessels. ThIrd. in response to rising body 
temperatures. sweating increases the heat loss to the environment 
by evaporation. Coordinating these physiologIcal processes Is a 
central controlling mechanism which monitors changes In deep-
body and skin temperatures and Initiates appropriate 
thennoregulatory responses to abate fluctuations In deep body 
temperature. 
Any effective thennoregulatory model Is able to simulate these 
processes. One such model Is the 25-node (25-compartment) model 
of Stolwijk and Hardlo. 11 (Figure 1). The body Is separated Into six 
segments: a spherical head and cylindrical trunk. anus. hands. 
legs and feet. Each segment Is further divided Into four 
homogeneous concentric layers: a central core surrounded by 
muscle. fat and skin. An additional central blood compartment 
represents all major blood-containing vessels such as the heart and 
aorta. 
Figure 1: Representation of the 2S-node model's basic form 
In Its original fonn the StolwiJk and Hardy model was limited to 
simulating unclothed subjects perfonnlng steady-state cycle 
exercise. Haslam4 and Haslam and Parsons5 extended the model by 
allowing work-rest routines and added clothing, thus producing the 
"LlIT25-node" model. 
However. even with these Improvements the model still has 
several limitations. As well as Its inability to account for the 
thennal Inertia of clothing and the state of heat accllrnation. the 
model. in common with most thennoregulatory models. simulates 
the thennal responses of only an average or "standard"-slzed man 
- one with a height of 1. 72 m. a weight of 74.4 kg and a surface 
area of 1.89 m2 . 
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Havenlth6 discussed the Implications of body size on an 
Individual's thennal responses and Isolated surface area and mass 
as important anthropometric characteristics Influencing this. Dry 
and evaporative heat loss from the body Is directly related to 
surface area: mass adds to an Individuals thennal Inertia and 
metabolic heat production. He suggested that since these physical 
characteristics are not necessarily independent of each other 
(usually people with an increased body mass have an Increased 
surface area). compansons between the thennal responses of 
different-sized subjects should be based on the ratio of their 
surface area to mass. It is known that those with a high ratio 
demonstrate a lower body temperature In the hot and cold than do 
those with a low ratlo1.9 . Consequently the LUT25-node model has 
been modified to account for changes in subject anthropometry. 
Method 
The revised LUT25-node model reported here allows the user to 
specity subject height and mass. which the model then uses to 
calculate the subject surface area according to the height/weIght 
(mass) fonnula of DuBois and DuBoIs2. Proportional changes are 
then made to all physical and thermoregulatory characteristics. The 
percentage change In the subject's surface area is used to change 
the surface area of the individual segments and the evaporatlve and 
dry heat loss from them. From the surface area of the segments the 
lengths and radl! of the Individual compartments are calculated. 
These dimensions are then used to establish the thermal 
conductance between the tissue layers. 
The proportional change in the total mass Is used to modIty the 
mass and heat capacity of the compartments as well as the overall 
metabolic heat production and blood fiows. All these changes 
assume that the body tissue proportIons (density). specific heat 
capacIty. thennal conductivity and sweatIng efficiency remain the 
same as they are for the "standard" man. Consequently the model 
has relatively the same thennal properties and thennoregulatory 
responses as does the "standard" man. IrrespectIve of what changes 
are made to Its anthropometry. 
Validation of the model 
Validation of changes In mathematical models must always be 
systematic. When modifying the UrnS-node model the follOwing 
3-stage approach Is usually adopted: First. arithmetic checks 
ensure that calculation errors are elimInated. Second the revised 
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predictions are checked for qualitative agreement with basic 
physiological and thermodynamic principles. Third predictions are 
compared with data from human experiments. designed specifically 
for this purpose whenever possible. The revised version of the 
model was checked as follows. 
Stage 1: Hand calculations (not reported here) were performed 
to validate the arithmetic of the revised model. Stage 3: It was 
deemed inappropriate to assess the output from the model against 
published experimental data. The thermal response of human 
subjects to a given heat stress Is complex. being Influenced by 
factors such as physical fitness. state of heat accllmatlon. 
hydration state etc. Unless these are all fully controlled the inter-
subject variab!llty they produce would super-Impose upon. and be 
indistinguishable from. changes caused by variations in body size 
alone. Hence we plan to do the Stage 3 check of validIty in purpose-
designed experiments. 
Stage 2: Numerous authors 1.6.9 have commented on the Inverse 
relationship between body temperature response and surface area 
to mass ratio. It Is possible to Infer from this association that 
subjects with Identical surface area to mass ratios will demonstrate 
similar body temperature responses (assumIng all other 
physIologIcal features of the subjects remain relatively the same). 
Furthermore. in a thermally neutral environment (ie one In which 
heat gain and heat loss exactly balance). it is generally observed 
that people express similar body temperature responses 
irrespective of their anthropometry. Hence. the model's validity was 
accepted by Its conformity ",ith these associations. 
Three tests were devised for the Stage 2 validation; Table 1 
details the 'subject' dimensions and environmental condItions used. 
Tests 1 and 2 examIned the predicted trunk core (= rectal) and 
mean skin temperatures of three subjects with dIfferent body sizes 
(ie Identical [rest 1) and different [rest 2) surface area to mass 
ratios) In both hot and cold condItions. Test 3 investigated the 
predicted temperature responses of three subjects with different 
surface area to mass ratios in a thermally neutral environment. All 
tests Included the responses of the "standard" man (subject 1). The 
dimensions of the other subjects were chosen to reflect realistic 
extremes. The hot and cold environmental conditions were selected 
to stress all thermoregulatory mechanisms of the model. Conversely 
the thermally neutral conditions were chosen to limit the stress 
placed on the model's thertnoregulatory mechanisms. 
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Table 1; Dimensions of the subjects and the ambient conditions 
used to validate the modified LUT25-node model 
T"", 1 T""'2 r .... 3 
hot ard cold hot and cold tI'Iermalty neutral 
conditions cordltSons conditions 
mns(m) 74.4 i<Il 74.4 kQ 74.4 i<Il 
SubJect 1 height 1.72 m 1.72 m 1.72 m 
surleoe area (sa) 1.89 m1 1.89 ml 1.89"" 
>aim 0.025 ""/kg 0.025 m'i1<9 0.025 ""i1<9 
m~(m) 100 i<Il 100 kIl 100 i<Il 
s bJe 2 h"'ghl 2.21 m 1.74 m 1.74 m 
u et sUl1ece area (sa) 2.54 ml 2.1.£ ml 2.14 m: 
>aim 0.025 ""/kg 0.021 m'i1<9 0.021 ""i1<9 
maM(m) 60 kIl 100 kIl 100 kIl 
SUbJect 3 heigh( 1.47 m 2.50 m 2.50 m 
surface area ('-8) 1.52 m1 2.77 ml 2.77 "" 
,.,m 0.025 m'i1<9 0.028 rn"'ikg I 0.02 S ml':'kg 
Hot conditions: air and mean radiant temperature - 35 QC. air speed - 1 m/so 
relative humidity - 0.5. intrinsic clothing insulation _ 1 cia. clothing area factor _ 
1.31. clothing permeability index _ 0.2. metat:otic heat production - 2.54 Wlkg. 
Cold conditions: air and mean radiant temperature a 5 QC. air speed - 1 m/so 
relative humidity - 0.2. intrinsic clothing insulation _ 0 cia. clothing area factor _ 1. 
clothing permeability index - 0.5. metabolic heat production a 2.54 Wlkg. 
Thermally neutral conditions: air and mean radiant temperature a 25 cC. air 
speed - 0.1 mls. relative humidity _ 0.4. intrinsic clothing insulation - 1 clo. clothing 
area factor - 1.31. clothing permeability index _ 0.4. metabolic heat production _ 
1.16 Wlkg. 
Results and discussion 
Test 1 Figure 2 shows that the predicted trunk core and mean skin 
temperature responses of subjects with Identical surface area to 
mass ratios. In both the hot and cold conditIons. were vIrtuallv 
Identical. 
Test 2 FIgure 3 shows the trunk core and mean skin temperatures 
for subjects with differing surface area to mass ratios. In both hot 
and cold conditions final trunk core temperatures were Inversely 
related to the surface area to mass ratio. A sImilar relationshIp 
existed between mean skin temperature and surface area to mass 
ratio In the heat but not In the cold. This results from the changes 
In metabollc heat produced by shivering which. In the model. Is 
directly related to the fall In trunk core temperature. Thus. as 
surface area to mass ratio Increases. the amount of heat produced 
from shivering also Increases and so the mean skin temperatures 
of all subjects are similar. When the shivering response was 
removed from the model (not reported here), trunk core 
temperatures fell further and an Inverse relationship between mean 
skin temperature and surface area to mass ratio became apparent. 
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Figure 2: Test 1 - Predicted trunk core and mean skin temperatures 
of subjects with the same surface area to mass ratio in the hot and 
cold conditions. All responses overlap. 
Test 3 In the thermally neutral environment predicted rectal and 
mean skin temperatures were Independent of surface area to mass 
ratio (Figure 4). This would seem sensible. as typically all 
individuals maintain a steady temperature 'Within nalTOW limits in 
thermally neutral conditions. 
Summary and conclusion 
The LUT25-node model has been changed to Isolate the effect of 
body size on predicted thermoregulatory responses. This required 
proportional changes in the heat capacity, thermal conductance. 
metabolic heat production. blood flow and sweating capacity to 
maintaln the same relative values as the model's anthropometry 
changed. 
Outputs from the modified model conformed with those 
predicted from basic principles and with the reported inverse 
relationship between thermal responses and surface area to mass 
ratio1.6.9. In thermally neutral conditions the model predicted 
similar rectal and mean skin temperatures for different sized 
subjects. 
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Figure 3: Test 2 • Predicted trunk core and mean skin temperatures of 
subjects with differing surface area to mass ratios in the hot and cold 
conditions 
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Figure 4: Test 3 • Predicted trunk core and mean skin temperature 
responses of subjects with differing surface area to mass ratios in the 
neutral conditions 
The obvious. benefit of the altered LlIT25-node model Is Its 
ability to predIct the responses of different-sized subjects. 
Furthermore. thIs work has Identified the features of the model that 
Influence Its predIctions (blood flow. metabolic heat production. 
sweating capacity. and body composition). Hence the model can be 
used as a platform on whIch to assess the Influence of Individual. 
physiological variables on the human thermal response. 
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INTRODUCTION 
The thennal insulation of clothing (gannents and ensembles) is usually measured 
with heated thennal manikins(I.H'l The method involves fully heating a manikin to 
thermal equilibrium; first nude and then clothed. Measurements of the total heat 
loss from the manikin at known and fixed 'skin' temperature and environmental 
conditions are used to evaluate clothing insulation (intrinsic, effective or total) 
expressed in clo units (I clo = 0.155 m,oC.Watr'). By definition the cia unit 
describes the effect of clothing in insulating the whole surface area of the human 
body rather than its impact on the area of the body it covers. 
Inspection of documented thennal insulation values(I.l··) reveals that clothing 
covering identical areas of the body often have similar measured clo values, even 
though the specific fabric insulation may be very different. This suggests that 
increasing fabric insulation beyond cenain limits has little, if any, effect on 
measured clothing insulation, which reaches a fixed upper limit - a maximum -
which is independent of clothing design, material type, clothing area factor or 
thickness, but which is highly dependent on the surface area of the body covered by 
the clothing. If such maxima do occur this could highlight possible limitations in 
the use of clothing insulation values measured on a fully-heated manikin. 
To stimulate discussion this paper describes a theoretical study of the fully-heated 
manikin method of measuring clothing insUlation to confinn if maximum insulation 
values exist, and to detennine their possible implications on the practical use of 
garment and ensemble insulation values. 
THEORY 
The theoretical approach involved the use of a simple, lumped-parameter, electrical 
analogy to represent the thermal insulation (clothing plus trapped air) covering the 
manikin. The following verification concerns intrinsic garment insulation (I"v, but 
could equally apply to effective (I.,,) and total (h) garment insulation or similar 
measures perfonned on ensembles. Figure la represents the defined situation for I.1i 
- the gannent's thennal insulation (eg a pair of gloves) is considered to act across 
the total surface area of the body; and Figure I b the actual situation - the effect of 
the gannent is felt over the hands alone. I, represents the thennal insulation ofthe 
air, fd , the clothing area factor, AD the DuBois surface area, A.o. the surface area 
covered by clothing, l,,~, the thermal insulation of the fabric (clothing plus trapped 
]89 
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Figure 1 Electrical analogy of the fully-heated manikin method of 
measuring garment (hennal insulation: (la) by ddlnItlon represents the 
situation In whjeh I:llnnenC tn.suJnllon IIffecu the whole suriace uu of the manlldn; 
(1 b) the actual sUuatlon In whkh the canneRt lnswaClon affects only the area of the 
manUdn le cOllers.. Symbols are uplrilited In the text. 
air adjacent to the skin) and L,~ the clothing area factor specific to the area of the 
manikin that is covered. The total insulation (IT; and Ir~) of the circuits in Figure 1 
are: 
I IT,' = I. +_0_ ,"~ I. 
cli 
(la) IT,., = ---A-:---A"D<--A:--A-:--
----"",,'c..,,- + D - coy 
[+_[_0_ [a 
d tOY I. 
cleov 
(lb) 
Both circuits in Figure 1 represent the same thermal system with differing 
conceptual approaches (IT; equals IT,.,). Hence combining equations la and Ib: 
AD feli = ---,----''--,---,,--
__ A--"",,ov,--;-_ + AD - A,ov 
[ [a la 
eleov + -I.--
cl cov 
(1) 
Equation 2 characterises how I,,; alters with changes in the area of the body covered. 
the insulation of the clothing with trapped and external air layers, and the clothing 
area factors of the whole surface area of the body and that of the surface area of the 
body covered. Assuming I, = 0.62 clo(" and f"i') and f"", are defined by the 
following equa(ions: 
feu = 1+ 0.3 11", (3) AD ( ). =- -I +1 fr:/cov A feu 
'ov 
(I) 
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an iterative solution of equations 2, 3 and 4 can be used to investigate the 
characteristics of Id' for variations in I,,~. and the percentage sunace area of the 
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body covered (Figure 2). This shows 
that as [,,""" increases Id' rises 
asymptotically to maxima dependent 
on the surface area of the body 
covered. When the manikin is 100 % 
covered with clothing a linear 
relationship exists between leli and 
le""". The asymptotes of ["Ii represent 
maximum measurable values which 
occur whenever the manikin is not 
100 % covered. Evidence to support 
these findings is provided by Zhu ,,[ 
afl) who observed similar 
phenomena in both theoretical and 
experimental studies. The values of 
the asymptotes are obtained by 
letting Ic1eov in equation 2 approach 
an infinite value. Under such 
Figure 2 Relationship between garment 
intrinsic insulation and clothing fabric 
insulation for different surface areas of 
the heated manikin covered by clothing 
circumstances fclj equals 1 as no heat 
will escape from the surface of the clothing. Hence, equation 2 reduces to: 
Ieli = I,( AD I) (5) 
Aa - A,w 
Equation 5 shows that maximum measurable clothing insulation values are highly 
dependent on the area of the manikin uncovered and on the insulation of the air 
layer surrounding these regions, but not on the fabric insulation of the clothing. 
IMPLlCA TlONS OF THEORETICAL MAXIMA 
The theory does not question the fully-heated manikin method for assessing the 
impact of Clothing insulation on the ",earer. However the existence of these maxima 
does have many implications on the practical use of the measured values. For 
example: 
I. Clothing insulation values (clo) are used to indicate the expected impact of a 
garment or ensemble on heat or cold strain in the user. However it is possible for 
two similar garments or ensembles to have identical insulation values, but have very 
different effects on the local thermal responses of the wearer. 
2. Measured garment insulation is often used in regression equations to estimate the 
expected thermal insulation of a clothing ensemble. The equations used are usually 
linear. However the results from this study and orhers(3) indicate that a non-linear 
relationship should be considered. 
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J. The maxima impose restrictions on other equations used to estimate the effect of 
clothing on thermal balance. For example. estimates of /;" (equation J) will reach 
limits which would not be present in practice. 
4. Computer-based models of heat and cold strain in clothed subjects often require 
input of clothing insulation values to modify the thermal balance of nude subjects. 
Due to measured maxima the use of the clo unit to describe clothing insulation is 
inadequate' for quantifying comprehensively the insulation of clothing for use in 
computer models which will make inaccurate predictions. 
5. Thermal indices such as lREQ' predict the intrinsic clothing insulation without 
considering the maxima or the distribution of the clothing over the body. It is 
therefore possible for this index to make estimations of required clothing insulations 
beyond limits demonstrated in our analysis. 
6. Id; is used to compare the results of measurements made by different researchers 
on [he same clothing items. However, where measured clothing insulation values 
are close to the maxima. experimenters will obtain the same results irrespective of 
the accuracy of their experimental protocols or the design or fit of the clothing on 
the manikin. 
ALTERNATIVE METHOD 
To overcome these limitations it is recommended that garment insulation should be 
measured on segmental thermal manikins which are heated only in those regions 
that are covered by clothing. The heated segment must be thermally isolated to 
prevent heat from travelling to adjacent. unclothed. regions of the manikin. Such 
measurements will not give intrinsic. effective or total insulation values as they 
relate only to the surface area of the manikin that is covered. However the measured 
values can be convened into CiD units by multiplying by the fraction of the total 
surface area of the manikin that is covered. 
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Background 
Heat transfer from the human skin to the environment is modified by the presence 
of clothing. This effect is caused by the fabric of the garments, and the air trapped 
in and between the clothing layers, which add a resistance to the loss of 
evaporative (R<cl) and sensible ((R,) convective, radiative and conductive) heat [2, 
13). It is therefore necessary to measure OrtO estimate the magnitude of these 
variables if the influence of clothing on body temperatures are to be adequately 
considered in predictive thennal models. 
What are predictive thermal models? 
In recent years there has been an increasing interest in the development of 
mathematical models that can predict human heat strain or sensation. Two general 
categories of model can be recognised: those based on the heat balance equation 
which consider net heat balance, and those which attempt to predict individual 
components of heat strain (9). 
The stimulus for the development of models of the latter type - heat strain models 
- derives from the practical need to avoid the risk and expense of experiments 
using human subjects to determine empirically thermal risks in the work-place. 
Complex thermal modelling has been made possible by the availability of easy-to-
use computers, and by a deeper understanding of the science of human heat strain. 
As the models become more accurate they have become a valuable tool to define 
safe indoor and outdoor exposures to heat and cold. They have also been adopted 
for use in International and European Standards relating to heat (5) and cold (6) 
strain, and thermal comfort (7) because they offer a fast, low-cost and harmonised 
way of limiting risk and maximising effectiveness in the work-place. 
Two main types of heat strain model have developed. First, empirical models 
which use 'curve-fitting' techniques to describe human test data, and then 
extrapolate those curves to make predictions of heat strain in conditions where no 
test data are available [I). Second, rational (analytical) models which use the 
principles of human thermoregulation and heat exchange to develop equations to 
predict heat strain [I). Rational models are validated using human test data, and 
may contain empirically-derived information (for example, the specific heat of 
body tissues), but otherwise they are not dependent on human subject tests. 
6 
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What are thermal models used for? 
Thermal models usually predict values of one or more indicators of human heat 
strain (core arid skin temperatures, sweat loss, heat storage eee) at specific time 
intervals during a simulated exposure. These values themselves are then used to 
predict safe or practicable working practices in a variety of work-place situations 
eg in the heat: the duration of safe work or of rest periods, measures to prevent 
dehydration; and in the cold: the need for whole-body insulation [6J. 
Inputs needed by thermal models 
The human response to a heat or cold stress depend on an interaction of variables 
which describe 4 factors: the individual being exposed (size, gender, physical 
fitness, state of heat 'acclimation ere); the thermal' environment (air temperature, 
air speed, wate(vapour content and radiant temperature; the clothing worn 
(resistance to sensible and evaporative heat loss, weight, air permeability ere) and 
the nature of the work being carried out (duration, metabolic heat produced, 
mechanical work achieved ere). 
It is relatively easy to estimate, or to measure, to the required accuracy variables 
relating to the individual, thermal environment and work. It is often more difficult 
to do the same for the clothing being worn. Yet sensitivity analysis of thermal 
models has shown that the output predictions are critically dependent on the 
values of clothing resistances used at the input stage. Hence, if predictive models 
of human heat strain are to be of practical value, it is vital that a~curate and 
precise measurements of sensible and evaporative resistances are available. 
A problem with nomenclature 
The scientific literature defines several types of resistance for garments and 
clothing ensembles, depending on the exact method of measurement [12J. Each 
definition has limitations. The main definitions of interest here are: 
What is measured in practice? 
Measurements of thermal resistances can, in principle, be made using human test 
subjects or physical techniques. It is important to distinguish that in this case the 
human subjects are being used to measure the biophysical properties of the 
clothing, not as a means of measuring the effects of clothing on the human. 
Sensible and evaporative resistances of fabrics are measured using small samples, 
singly or in combinations that represent the use of the layers to make multi-
layered clothing ensembles. Methods of this type are frequently referred to as 
'flat-plate' measurements. However, there is yet no satisfactory way of using 
these 'flat-plate' data to predict the resistances of garments or ensembles made up 
from the fabrics. This is a fruitful topic for empirical and theoretical srudies. 
F-I~ 
Resistance I Definition Comment 
Intrinsic (basic) A fundamental propeny of By definition this doesnoi 
clothing whose magnitude is account for effects of trapped 
independent of the thermal air and external air 
en vironment. penetration (wind). May be 
inadequate for multi-layer 
ensembles. 
Total The sum of the intrinsic Magnitude is dependent on 
resistance and that of the the thermal environment. 
surrounding (boundary layer) 
air. 
Resultant The value obtained when the Takes account of factors that 
clothing is used by human reduce insulation when the 
. subjects. clothing is worn: sizing and 
fit, posture, movement, 
clothing compression etc. 
Note: This terminology is applicable to both sensible and evaporati ve resistances. 
Because of the absence of an adequate method of making predictions from' flat-
plate' data, sensible and evaporative resistances of garments and clothing 
ensembles are often measured using thermal manikins housed in controlled-
conditioned rooms [4]. The advantages of this technique over using human 
subjects include speed and ease of measurements, less inter-measurement 
variability and lower cost per measurement. However, manikins are expensive to 
acquire and to maintain, and require skilled technicians to make the 
measurements. 
Limitations of thermal manikin measurements 
If thermal manikin data are to be of value in predictive models they must reflect 
the resistances that would be experienced by humans in similar circumstances. 
This implies that factors such as fit, sizing, drape ete should be similar on the 
manikin and on humans. Funhermore, resistances measured on humans will 
reflect the distribution of skin temperature and wenedness that the human would 
have in the test conditions - factors that are known to influence the value of 
clothing resistances. There is another imponant factor to consider. In use on 
moving subjects the resistance offered by a given clothing ensemble will be lower 
than that measured on a static manikin. This occurs because movement, changes 
of posture, ventilation of the clothing by ambient air and many other factors lower 
the resistance [12]. In other words, the intrinsic resistance represents an idealised 
resistance value; the value experienced by the clothing user is the resultant 
resistance. 
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· Manikins are usually limited in the range of postures they can adopt (if any) and 
the range and speed of movements they can make (if any). Hence it is common 
practice to limit manikins to measurements of intrinsic or total resistance, often at 
more than one 'wind' speed (8). Reported values often fail to specify the posture, 
fit and design of clothing, or thermal conditions in which the values were 
obtained. Hence modifying these values to reach an estimate of the resultant 
insulation is often difficult. 
Furthermore, measurement of evaporative resistance requires that the 'skin' of the 
manikin is wet. For convenience and practicability the skin wettedness is often set 
at 100%. In most currently-used thermal manikins this is achieved by manually 
spraying the skin with water before dressing the manikin. This means that the skin 
can partially dry during the measurement period, resulting in non-stable values 
with unquantified errors. Ways of keeping the skin 100% wet have been 
developed, including the use of artificial 'sweat glands' or continuously pumping 
water onto the skin during measurements. 
Another problem arises from the definition of sensible and evaporative resistance. 
R, and R,d are values are valid only for dry clothing; in the case ot R,d it is a value 
of the permeation of the clothing by water vapour. So, unless steps are taken to 
prevent water from the skin wetting the clothing, the resulting resistance values 
contain errors. These errors are not usually considered in published data. 
In work-place applications there is an infinite variety of clothing ensembles; 
measuring resistances for every one is impossible. This problem has been 
overcome by publishing databases of resistances for individual garments (8). 
Techniques have been developed to allow the prediction of ensemble resistance 
values from the resistance values of individual garments. The technique depends 
on suitable regression equations relating ensemble resistance to summed garment 
resistances being validated (10). A further difficulty is that resistance values 
obtained from the measurement of a garment is dependent on whether part or all 
of the manikin was heated, and on the area of the heated manikin that is covered 
by the garment (11). Published data seldom consider these important factors. 
Use of manikin measurements in heat strain predictions 
From these considerations it is clear that in attempting to model human thermal 
responses for practical applications, many explicit or implicit limitations must be 
taken into account. However, even when this is done problems remain. For 
example, the choice of which model to use will be strongly influenced by the 
nature of the application, the availability of reliable input data, and the accuracy 
needed of the input variables. An example calculation will show in more detail the 
importance of this latter point. 
Suppose the requirement is to predict the time-course of trunk core (equivalent to 
rectal) temperature change in a population exposed to hot conditions whilst 
wearing protective clothing. Figure I shows predictions using the measured value 
of sensible thermal resistance (I,,), 1.68 clo, and values 20% higher and lower than 
this. The model is of the empirical (curve fitting) type. It can be seen that in this 
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case the predicted trunk core temperature is little influenced by changes in the 
value of IeI for these particular input conditions. (This does not, of Course, mean 
that if the output would show this very low sensitivity for all valid values of the 
input variables.) 
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20 30 40 50 60 70 80 90 100 
Time (minutes) 
Predicted trunk core temperature using an empirical heat strain model. 
Note the lack of sensitivity of output to changes in values of the intrinsic clothing insulation (la). 
Input variables for these predictions were air temperature:: globe temperarure:: 35 QC; 
relative humidity;; 50%; air speed = 1.1 ms· l ; work rate:: 175 Wm': ; External work done 
= 0 Wm'l ; Woodcock moisture penneability index (i..J = 0.3. 
Figure 2 shows the predicted trunk core temperature for the same input conditions 
using a rational thennal model. In this case 20% changes of sensible resistance 
(expressed as the intrinsic clothing insulation Id) have a marked effect on the 
time-course of the trunk core temperature. 
Comparison of Figures I and 2 clearly shows that the type of predictive thermal 
model chosen will dictate the accuracy required of the resistance measurements. It 
will be inappropriate in some circumstances to require the measurement of 
resistance values with a high accuracy; low accuracy measurements or estimates 
may be adequate. Subject-matter expertS are required to make these choices. One 
factor that will influence their choice is the degree to which the output is 
dependent on changes in input values - the sensitivity of the predictive thermal 
model. 
It is possible to examine the importance of this sensitivity by plotting the time 
taken to reach a chosen, limiting trunk core temperature as a function of change in 
the values of Id' This is done in Figure 3. which shows the effect of changes in I" 
on time to reach trunk core temperatures of 38°C and 39°C. 
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Figure 2 
Predicted trunk core temperarure using a rational (analytical) heat strain model. 
Note that the outpUt is sensitive to changes in values ofche inuinsic ciQ(hing insulation (Id)' 
[nput variables for these i;Jredic::ions were the same as for Figure I. 
Time to reach the limiting temperarure is reduced by 14% and 18% respectively 
for 50% changes in the value of Id' The particular quantitative relationship shown 
in Figure 3 is, of course, true only for the specific values of input variables used: it 
will change as the values of the variables change. 
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Figure 3 
The effect of changes in values of sensible heat resistance (Icl) on 
time to reach limiting trunk core temperature. 
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This figure shows che need co consider [he :lccuracy required from thermal manikin rne:lsurements. 
To illustrate this point compare Figure 3 with Figure 4. in which the air 
temperature has been reduced from 35°C to 31°C, with all other variables being 
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held at the values used in Figure 3. The relationship between time to reach the 
limiting trunk core temperature and changes of Id has changed: a 50% change in 
Id now reduces time to limiting trunk core temperatures of 38°C and 39°C by 22% 
and 29% respectively. 
The implication of the results shown in Figures 3 and 4 is that the accuracy 
needed from measurement or estimation of any of the input variables depends on 
the values of the other variables. A sensitivity analysis should always be done 
before a predictive model is used. 
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The effect of changes in values of sensible heat resistance (Iel) on 
time to reach limiting trunk core temperature. 
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The data used. to generate this graph are the same as those used to generate Figure 3, with the exception that 
air temperature has been reduced by 11-5%. 
Clothing measurements for use in thermal models 
It is therefore apparent that in order to make reliable predictions of heat strain 
using thermal models it is essential to consider both the variables needed for 
accurate prediction and the required accuracy in their measurement. In the case of 
clothing variables (sensible and evaporative resistances) the values inputted to the 
models must account for the effect of use in human subjects on the resistances. 
This demands that resultant, rather than intrinsic or total, resistances are measured 
or estimated [3]. In the empirical model used to calculate Figure I this is done by 
calculation; in the rational model used to calculate Figure 2 it is achieved by 
incorporating a correction based on empirical data. 
Clothing variables measured on thermal manikins or humans? 
It is possible to measure both intrinsic and total, and resultant resistances using 
thermal manikins and human subjects. The broad implications of these two 
methods of measurement are set out below: 
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Required characteristic Thermal manikin Human subjects 
Accommodates garments and Single size, so fit of different Range of sizes 
ensembles of different fit, gJrments is difficult. 
sizing and design 
Simulate movement Must be articulated with Accurate movements 
range of types and speed of possible 
movement. Movement must 
reproduce human motion. 
Posture Articulated to simulate All postures possible 
standing, sitting, crouching 
etc 
Segmental heating Needed to measure garment Not possible. Evaporative 
resistances. resistance can be measured 
To cater for all garment segmentally by wrapping 
designs segments must be uncovered parts in water-
infinitely adjustable. vapour-impermeable 
material. I ~dj~stable skin temperature Possible, but to cater for all Possible 
m different segments . garment designs. the size of 
I 
segments must be infinitely 
adjustable. 
Segmental sweating Feasible but mechanically Possible 
difficult 
Control of clothing wetting Not possible. But can limit to Not possible. But can limit to 
resistances of non-wetted resistances of non-wetted 
clothing by covering wet clothing by covering wet skin 
'skin' with water- vapour- with water- vapour-
permeable material. permeable material. 
It is clear from this analysis that in most cases measurements using human 
subjects give the required design features. To simulate the human by developing 
more sophisticated thermal manikins is technically complex, expensive and 
probably not cost-effective. Even the most complex thermal manikin imaginable 
is a poor substitute for the human. However, thermal manikins can, in principle, 
make accurate and reproducible measurements and are cheaper per measurement. 
Conclusions 
It is apparent then that to model human heat strain with the accuracy need for 
practical application in the work-place the following principles should guide 
thinking and progress: 
Heat strain predictions require the use of resultant sensible and evaporative 
resistances. 
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If intrinsic resistances only are measured, many more methodological details must 
be reported than is customary, so that adjustments can be made to intrinsic values 
to represent resultant values (see The way forward). 
Heat strain predictions are sensitive to the input values of clothing resistances, so 
systematic estimates must be made of the practical accuracy needed of clothing 
resistance measurements. 
Simple methods of measuring intrinsic and resultant sensible and evaporative 
resistance may be adequate for many practical uses. 
Development of complex thermal manikins with wide range of complex 
movements, surface temperatures and sweating patterns is probably unnecessary 
for most uses, but may be of value in clothing science research. Further 
development should be limited to essential requirements based on a systematic 
review of the need for the measurements. 
Standards and other guidelines which require the use of clothing thermal 
resistances must take account of the application of the data so as not to over-
specify the accuracy needed. 
Methods of using thermal manikins must be practicable, repeatable, sensitive to 
key variables and valid. 
The way forward 
Based upon the considerations discussed above, the following way forward is 
proposed as a pragmatic approach to making scientifically-valid and cost-effective 
progress in thermal manikin measurements of clothing resistances, and in 
predictive thermal modelling. 
When values of intrinsic and total sensible and evaporative resistances only are 
reported 
I. Report all relevant variables: 
posture 
movement 
thermal environment 
segments heated 
temperature distribution 
garment design. size, fit, number and type of openings, area of manikin 
etc [This assumes there is a systematic taxonomy to describe 
factors.] 
detailed methodology, to include: 
sensitivity 
repeatability 
accuracy 
2. Standardise measurement methods 
manikin design 
thermal environment 
posture etc 
methodology 
terminology 
I-:! 
F-21 
covered 
these 
When the end use requires values of resultant sensible and evaporative 
resistances . 
3. Use empirical methods to modify intrinsic values to resultant values. 
4. Develop analytical models of multi-layer clothing to: 
identify major factors modifying intrinsic resistances in use 
quantify these factors 
prioritise the factors for use in practical applications 
[This could also be achieved, of course, by empirical methods, but this will be less 
versatile and will be costly.] 
5. Develop current thermal manikins to measure resultant resistances of 
garments and clothing, having taken account of the inevitable limitations of the 
methods, the accuracy need and the prioritised features identified as a result of the 
anal ysis proposed in Paragraph 4 above. 
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